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rotating optical waves.    This experiment demonstrated for the first time the 
successful operation of a re-entrant Sagnac system but also demonstrated the tre- 
mendous value of the various fiber components developed in this laboratory which 
enabled an all  fiber system to be used for this recirculating mode of operation 
of a fiber gyro.    Eventually a bilateral amplifier will be incorporated in the 
fiber loop permitting many more recirculations of the two injected optical  sig- 
nals.    This device is known as the active re-entrant Sagnac system (ARS)..^       __ 

Detailed theoretical calculations have been made on a number of important rele- 
vant problems for both the PRS and ARS devices.    These include calculations on 
the propagation of noise in PRS devices, amplifier and incoherent Rayleigh back- 
scattering noise and the effects of amplifier non-reciprocity in ARS devices, and 
possibly most important, a polarization analysis of re-entrant fiber optic gyros. 
The latter involved a coherence analysis which permitted treatment of cases of 
polarized, unpolarized and partially polarized input light and the effects of 
various configurations of polarizers.    In addition to the analytic results ob- 
tained, this treatment also indicated the possibility and value of the use of 
completely unpolarized light in Sagnac systems.    This result and application of 
the same mathematical  techniqeus also showed that there were new possibitilies 
for using multi-mode fiber in Sagnac sensors with the light distributed among 
all the modes.    This new concept could potentially be \iery important. 
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I.      INTRODUCTION 

This report covers research under Contract F49620-80-C-0010 for the period 

from January 1, 1981 through April 30, 1982. Work done during the period from 

January 1, 1980 through December 31, 1980 is covered in an earlier report,1 and is 

not treated in the present report. 

The objective of this research program has been to investigate the characteris- 

tics of new fiber optic configurations for inertial rotation sensing with the aim of 

extending the sensitivity threshold and basic stability of such systems. The pro- 

gram has involved basic device research, including both theoretical analyses and 

experimental demonstrations of some specific configurations, and the introduction 

of some novel concepts in the use of optical fibers in these systems. 

The principal approach which has been studied theoretically and experimen- 

tally is referred to as a re-entrant Sagnac system which, like the conventional fiber 

gyro uses a multiturn fiber sensing coil, but which uses recirculating optical pulses 

as opposed to the single pass cw light of the conventional system, giving a mul- 

tiplication of the phase shift due to rotation, and resulting in a device which is 

intrinsically an integrating rate gyro rather than a direct rate gyro. The re-entrant 

Sagnac system was introduced earlier under the AFOSR program, and an all fiber 

version had been constructed as of the beginning of the present reporting period. 

The effort on re-entrant gyros during the reporting period followed two main 

directions. One involved the first experimental evaluation of the new system, which 

uses an integrated, all fiber circuit for the interferometer, which give results in very 

good agreement with expectation. The second was concerned with the first detailed 

theoretical analyses of error sources and operating ranges, as a basis of comparison 

for future detailed experimental studies of the device. 

Another phase of work under the program has involved analyses of the effects of 

scattering, birefringence and modal propagation in fiber gyros of both recirculating 



and conventional single pass types, resulting in disclosure of major sources of error 

in conventional gyros and basic techniques for circumventing them which have been 

crucial for the development of practical fiber gyros. This work is described in earlier 

reports, and has continued during the reporting period. This work has also had, 

as an outgrowth, proposals for new modes of operation of single pass fiber gyros. 

One of these, involving operation with unpolarized light in single mode fiber was 

described in the preceding report.1 Another proposal using multimode fiber in a new 

way which has prospects for realizing fiber gyros with fewer components and lower 

cost, grew out of work during the reporting period and its analysis is described in 

this report. 

One of the important new concepts involves recirculating two counterpropagat- 

ing optical pulses in a fiber loop and monitoring the pulses as they pass the 

input/output junction. This concept we have referred to as the "'passive re-entrant 

Sagnac system" (PRS). We envisage active operation of such loops, i.e. the incor- 

poration of an amplifier in the loop, aimed at increasing the number of circulations 

and therefore the optical integration times of these devices by very large factors. We 

have referred to such an implementation as an "active re-entrant Sagnac system" 

(ARS). 

The ARS approach possesses some features of both the ring laser gyro and 

the usual fiber gyro, and avoids s >me problems of both. Like the ring laser gyro 

it recirculates the optical energy many times around a closed sensing loop which 

contains a gain medium, it has automatic built-in signal processing with output in 

the form of a frequency having the same value as the beat frequency from the ring 

laser gyro, and it is an integrating rate gyro having inherently linear response. It 

is like the usual fiber gyro in that it can be realized in all-solid state form, contains 
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an AM urn fiber sensing loop, uses an external fixed-frequency optical source and 

is free of lock-in. Unlike either of the other two devices, however, optical pulses of 

several microseconds duration, rather than cw light, are injected into the sensing 

loop from the external source. 

Another way in which the ARS device differs from conventional fiber gyros 

concerns the optimum total optical transit time in the sensing loop for maximum 

signal-to-noise ratio. The optimum fiber length in the loop is the same for both 

devices, within a factor of two, but in an ARS device the light will traverse this same 

loop a large number of times, thereby multiplying the Sagnac rotation-produced 

phase shift. 

With regard to the integrating feature of the ARS gyro, successive readouts of 

the cumulative phase difference between the two recirculating signals generates a 

sinusoidal wave so that one can actually measure the integrated angular rotation 

of the system. This is ultimately what is required in most applications, such as 

inertia! navigation. In contrast, conventional single pass rotation sensing gives a 

signal which is proportional to the phase shift per pass. That requires maintaining 

some precise and invariant proportionality factor between these signals and the 

corresponding value of rate of rotation. Then, integration is necessary to get the 

actual angle turned through as a function of time. This feature, that a single 

pass device provides only a measure of the instantaneous rate of rotation of the 

system, which must then be integrated, complicates the use of single pass fiber gyros, 

generally requiring electronic closed-loup Operation. In the re-entrant device, which 

generates a sinusoidal waveform representing the integrated phase shift between 

the two counter-rotating signals, the number of cycles generated of course depends 

on the rate of rotation and the duration of the circulating pulses. The repeated 

circulations of the pulse must continue long enough to encompass many cycles of 

phase shift between the two recirculating signals. 

3 - 



The significance of the above distinctions between a conventional single pass 

device and a re-entrant device has become more apparent recently, partially as a 

result of our own work on single pass gyros13 under another program. We have been 

able to get, we think, the highest sensitivity achieved anywhere in such single pass 

devices, by refining the device and all its components, and optimizing the operating 

conditions. Some of those components have been of fundamental importance in the 

AFOSR program. Having achieved such high performance we are now more fully 

aware of the limitations of a single pass device. 

At this time the ARS system appears to have important potential for use in 

vehicle navigation because of the built-in signal processing referred to above, which 

does not require electronic closed-loop operation to obtain a linear scale factor. 

Also, because of the long optical integration time afforded by pulse recirculation. it 

has potential for use in applications, such as in geodesy am! geophysics, which can 

tolerate very large sensing loops and very long integration times to achieve extreme 

sensitivity to small rotation rates. 

The principal component still needed in all of these cases is an optical amplifier. 

Development, under different contracts, of optical amplifiers using neodymium- 

based materials, organic dyes, and semiconductors, is presently underway. Results 

from this work will be available for use on the AFOSR program. 

II.     PROGRAM SUMMARY 

Most of the work performed in this program during the reporting period 

(January 1 - April 30, 1981) has been concerned with the following items. 

(1) Detailed measurements and analysis of an all fiber passive re-entrant rota- 

tion sensor including evaluation of the new form of signal processing, made possible 

by the re-entrant format, and studies of the error sources, characteristic of this 

configuration.  Experimental results from the operation of this re-entrant rotation 

-4 



sensor, described in more detail later, were in good qualitative and quantitative 

agreement with the theory. Nineteen recirculations of an optical pulse around an 

830 meter long fiber loop have been consistently obtained." 

(2) A number of theoretical studies on the general performance characteristics of 

passive re-entrant fiber optic rotation sensors, including (a) the effects of polarization 

and birefringence on performance, and (b) the propagation and behavior of noise. 

(3) Theoretical calculations on various problems expected with this kind of 

device. We have considered such topics as the sensitivity limits of active re-entrant 

systems due to amplifier noise, incoherent Rayleigh backscattering. and the effect 

of amplifier nonreciprocity. 

(I) It is to be especially noted that the investigation of the whole problem 

of birefringence and polarization effects in fiber gyros revealed possible great ad- 

vantages in two particular forms of operation - (a) controlled unpolarized operation 

of a fiber gyro and (b) the use of multimode fiber for rotation sensing.3 

All this work is described in later sections and publications which are attached. 

III.    RE-ENTRANT FIBER GYRO EXPERIMENT 

A.   Basic Sagnac System 

A re-entrant fiber rotation sensor such as described in the 1980 report (Interim 

Scientific Report, January 1,1980 through December 31. 19S0, Contract F49520-80- 

C'-OOIO) was mounted on a rotating table for testing. The table had rotating joints 

for electrical power and signal output, thus enabling it to be rotated continuously. 

Mechanical tachometers allowed direct measurements of the angular velocity of the 

table. 

The basic recirculating Sagnac system is shown in block form in Fig. HI-1. The 

description and schematic figures in these subsection III.A and B are the same as 

in the previous annual report for Contract F I9B20-80-C-0010. They are repeated 



here as a background to the description of the experimental work to bo described, 

without requiring reference to earlier reports. 

Light from a pulsed source is sent, via an optical junction, into a multiturn 

fiber sensing loop, where it makes multiple circulations around the loop. The laser 

is pulsed with an impulse somewhat shorter than the optical transit time once 

around the loop. A portion of the light recirculating in the loop is extracted by 

the junction and sent to an optical detector and associated video signal processor 

and display, which indicates the inertial rotation of the sensing loop about the axis 

perpendicular to its plane. 

The junction has the property that light entering at A is split into two equal- 

amplitude parts at B and ('. leading to waves propagating clockwise and coun- 

terclockwise, respectively, around the loop. It also has the property of closing the 

loop upon itself, in such a way that most of the light, once propagating around the 

loop, continues to do so in multiple transits. The junction also has the property 

that it couples a given portion of both counterpropagating light waves back out of 

the loop and sends them to the detector. The light pulses going to the detector 

are modulated in amplitude by the phase interference of the two waves, so that the 

received pulse amplitude varies sinusoidally with time at a rate dependent on the 

rotation of the loop in inertial space. 

The frequency of this waveform provides a measure of the angular velocity of 

the system. The loop will contain an optical amplifier and other elements C, in 

(Fig. Ill-1) to compensate for optical attenuation in the loop, but it is an essentially 

linear system, and as such is free of the mode locking phenomena experienced with 

ring laser gyros. 

Consider a single pulse from the laser, leading to two pulses traveling in the 

loop, one clockwise and the other counterclockwise. After these pulses have traveled 

once around the A'-turns of the loop, they are reintroduced into the loop for a 
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second transit, and this process is repeated until a large number of transits have 

been completed. An amplifier and saturable absorber in the loop would allow a 

large number of recirculating, giving large integration time of the rotation, and 

sensitivity to small rotation rates. 

As the original pulses continue to recirculate around the loop, they generate 

a train of pulse samples at the detector. It is important to emphasize that the 

entire train of output pulses results from one single input pulse supplied by the 

laser. The etfect of rotation is to shift the phases of the counterpropagating optical 

pulses relative to the inertial frame, in opposite directions. This relative phase .lilt 

i> proportional to the rotation rate and also proportional to the length of time the 

pulses have been exposed to the rotation. As the pulses continue to circulate, they 

accumulate phase shift Ao(/) which increases linearly with time /. The detector is 

phase sensitive and the output is sinusoidal in the argument Ao(/). That is. for a 

fixed rotation rate, the output of the detector is a sinusoidal wave in time. 

We refer to the system just described as an active recirculating Sagnac system 

if there is an amplifier in the sensing loop and the pulses are not attenuated. When 

operated as a passive recirculating system without the amplifier, the output pulse 

train is a damped sinusoid whose amplitude decreases exponentially with time. 

B.   All-Fiber Interferometer 

The design for the optical junction in single mode fiber form is shown in Fig. 

III-2 where the terminals A, 13. C and D correspond to the same symbols as in 

Fig. Ill-1. DO and DC2 are single-mode fiber directional couplers. These low loss 

couplers, developed in our laboratory, are a key factor in the performance of our 

rotation sensors. A brief description of their design is given at the end of this 

section. DC I is a 3 dB coupler which splits the light pulses entering at A into two 

equal amplitude pulses at E and F, which enter coupler DC2 at opposite ends. 
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DC2 is a directional coupler with a coupling coefficient (coupling between B and 

C and between E and /•') near unity. Thus a large fraction of the light at E and 

F returns to F and E, respectively, while a small fraction enters the loop to form 

counterclockwise and clockwise traveling pulses, respectively. Pulses once in the 

loop remain in the loop by crossing from one side of DC'2 to the other following 

the path shown by the dashed arrow, with low insertion loss because of the high 

coupling coefficient between the two halves 1 and 2 of the coupler, and the low 

internal dissipative loss of the coupler. 

Making high quality splices on single mode fibers is difficult because of the small 

core diameter. Commercial'y available multimode splicing equipment yields splice 

losses of \-'-\ dB when used on single mode fibers. In order to determine base-line 

performance for recirculating systems, the junction of Fig. 111-2 is designed to be 

fabricated, together with the sensing loop, with no fiber splices at all. This calls for 

coupler halves 1. 2. 3 and I to be fabricated directly on the ends of the single-mode 

liber sensing loop as at (a) and then assembled as at (b). 

A diagram of the overall passive re-entrant system is given in Fig. 111-3. The 

system shown is passive, without an amplifier in the loop, pending completion of a 

Nd:YAG filter amplifier which is now under development in this laboratory under 

another contract. 

The optical source consists of a Nd:VAG laser operating at LOG microns, 

a telescope, acousto-optic beam deflecting modulator, and beam steering device 

leading up to the fiber input. 

Polarization controllers PCI and PC2 are necessary to compensate the system 

for the birefringence in the fiber, in order to balance the interferometer at zero 

rotation rate. 

Adjustments of the fiber circuit are simple and straightforward, in sharp con- 

trast to earlier models using bulk optic components. There are no optical alignments 
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to be made within the interferometer circuit, but only at the input and output ports. 

A single-mode fiber-to-fiber, evanescent field directional coupler has been devel- 

oped in this laboratory4 as noted above, and this design was followed in fabricating 

the couplers DO and DC2 on the fiber just described. In this coupler design, a fiber 

is bonded into a slot cut in a quartz substrate. The face of the block is polished 

to remove a significant portion of the cladding, allowing access to the evanescent 

fields of the guided mode. When two such substrates are placed in contact, strong 

coupling exists between the two fibers. This coupling is highly directional and can 

result in complete power transfer in a length of approximately 1 millimeter. The 

coupling can be varied and optimized by transverse displacement of the libers. Fig. 

Ill-1 shows an assembled coupler with micrometers to control relative liber displace- 

ment. 

The loop of the rotation >ensor was formed from an Si'.O meters length of 

Corning single mode liber. The core diameter was G microns and the measured 

attenuation was IS dB/km at a wavelength of LOG microns. The sensing loop 

diameter was 1"> cm. With these dimensions for the fiber loop the conversion factor 

relating phase shift to rotation rate is 2. IG radians of phase shift for each radian/sec 

of rotation. 

The loop coupler (DC'2 in Fig. I1I-3) has a maximum coupling of 82'7. This 

is sufficiently close to the optimal coupling value of 90(7 for our purposes. The 

splitter/combiner coupler (DC'l) has a coupling ratio which is greater than 50re. 

C.   Alignment Procedures for Re-entrant Rotation Sensor 

To achieve optimum performance in re-entrant fiber gyros care must be taken 

in the alignment of its components. The input end is positioned with respect 

to the coupling lens for optimum coupling of the laser beam to the fiber. Next, 

the loop coupler is set to obtain a maximum number of rceirculations and the 

- 12 
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splitter/combiner coupler must be set for a 50co coupling ratio. Due to natural 

birefringence in all single mode fibers the rotation sensor will support two polariza- 

tion modes. To ensure good rotation sensitivity the input and loop polarization 

controllers must be adjusted so that only one mode is present throughout the fiber 

gyro. The details of the alignment algorithm which accomplishes these steps are 

given below. 

Five alignments had to be performed to render the rotation sensor in Fig. 

III-i operational. The spatial beam had to couple into the input fiber, the 

splitter/combiner coupler had to be adjusted for the maximum coupling ratio, and 

input and loop polarization controllers had to be adjusted to obtain the proper state 

of polarization at the splitter/combiner coupler. 

1. Spatial Beam Alignment 

The colliding of the spatial beam is accomplished by first misaligning the 

splitter/combiner coupler and the loop I/O coupler (big. Ill-")) and then monitoring 

the power at the output end of the fiber while the input end is positioned behind the 

coupling lens. Misaligning the couplers results in the equivalent of the configuration 

shown in Fig. Ill-ti. The coupling ratio of the spatial beam into the fiber was 

estimated to be around '25rc. 

2. Loop I/O Coupler Alignment 

The I/O coupler is initially aligned by visually positioning the two fibers on 

the top of each other with the aid of a microscope. The modulator is turned on 

to launch pulses in the fiber. The photo diode monitors the power exiting at the 

output end of the fiber. This detected power is displayed on the vertical axis of an 

oscilloscope with time on the horizontal axis. The optical circuit at this point is 

equivalent to that in Fig. Ill-7a. 

Initially, the oscilloscope trace is similar to that in Fig. lll-~b. The first pulse 

- 11 
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Fig.   III-6.    Fiber optic circuit for spliceless all 
fiber re-entrant rotation sensor,   (a) 
Unassembled,     (b)    Assembled. 
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Fie    III-7     Alignment procedure for loop I/O coupler      (•> Circuit 
F 9" configuration,  (b) Oscilloscope display when   oop I/O 

coupler is misaligned,    (c) Oscilloscope dieplay when 
loop I/O coupler is aligned. 
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is due to that portion of the input which is not coupled into the sensing loop, 

while succeeding pulses are due to first, second, and third recirculations around the 

sensing loop. The oscilloscope trace implies that the coupling ratio, <5, of the I/O 

coupler is low, i.e. a large portion of the recirculating power is also coupled out from 

the loop after each recirculation. 

The pulse heights A and D for the first two pulses (Fig. II1-7) can be expressed 

in terms of the loop I/O coupler coupling ratio as 

,1 = I\b 
(///-I) 

D=Po(l-b)'vxV(-nL) 

where /'o is the input power and ciL is the attenuation due to the fiber in the sensing 

loop. The coupling ratio. Ö. can be obtained by measurement of ,\ and 11 through 

the following equation: 

b = () :,[•_> + (D/A) cxp(oL)] - /[l + !«/■-'. I) t-xploZ.)]2 - 1 (/// - 2) 

As the coupling of the loop I/O coupler increases, the first pulse increases while 

the second one decreases in height. In addition, more recirculations will be visible 

(Fig. III-7). Physically, less power is being coupled into the loop, but once in the 

loop it decays more slowly, because very little is coupled out after each recirculation. 

The optimum coupling for .V recirculations is achieved varying the coupling until 

,\,h pulse is a maximum. 

3.    Splitter/Combiner Coupler Alignment 

The splitter/combiner coupler must now be aligned for ">0'7 coupling to achieve 

maximum contrast of the pulses. This results from the use of the nonreciprocal port 

(Fig. Ill-")) of the splitter/combiner coupler. If the reciprocal port were used, the» 

maximum contrast would always be obtained.  IMivsicallv, this can be understood 

18 
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by referring to the rotation sensor depicted in Fig. III-8. Power Po is assumed 

incident on the reciprocal port of the splitter/combiner coupler whose coupling ratio 

is 6. The portion of the clockwise wave which arrives at the nonreciprocal port has 

coupled across the coupler twice (Fig. III-8). The portion of the counterclockwise 

wave which arrives at the nonreciprocal port has gone straight through the coupler 

twice (Fig. 111-8). The power of the clockwise and counterclockwise waves at the 

nonreciprocal port are: 

(/// 
Pew = 6-r0 

Pccw = (l-M'-/'ö 

Maximum contrast requires equal powers in the two waves, hence from the above 

etliiation b = "iO'Y. At the reciprocal port, each wave has coupled acioss and 

gone straight through the coupler once, hence the [lowers are automatically equal. 

Maximum power delivered to the reciprocal port, however, still requires a coupling 

ratio of -YO'c. 

An ideal coupler introduces a ISO degree phase shift between the coun- 

terpropagating waves at the nonreciprocal port. The waves are in-phase at the 

reciprocal port. For real couplers (i.e. lossy couplers), the phase shift is less 

than 180 degrees. The detected power, at rest, at the nonreciprocal port of the 

splitter/combiner coupler in Fig. III-5 is approximately 

detected —   cw       crw     "V   cw   ccw (///-•») 

where birefringence in the fiber has been neglected.   Substituting Eq. III--5 in Eq. 

Ill-1 results in 

detected = I1-*^)2/>o I///-51 

When the coupling equals öO'V. the detected power is approximately zero at the 
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Fig. Ill-8. Optical paths in ring interferometer for 
detection at the n^n-reciprocal port, (a) 
clockwise path,  (b) counter-clockwise path. 
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nonrcciprocal port at rest. 

In principle, the splitter/combiner coupler is aligned by positioning the two 

fibers (Fig. III-7) to null the scope trace. In general, this can not be done due to 

birefringence and modal coupling of the two polarization modes in the optical fiber. 

This results in a portion of the power in the input polarization to be coupled into 

the orthogonal polarization state. The counterpropagating waves, which exit at the 

nonrcciprocal port in the orthogonal polarization state, have an additional phase 

shift o due to the fiber birefringence. Eq. ill-ö becomes: 

1 detected = ' ||( 1 " 2*f + P±[62 + 11 - «)2 - -V( 1 - A| [III-11) 

where /'i and / j_ are the powers of the lightwaves exiting at the nonreciprocal port 

in the same and orthogonal polarization states respectively as the input. When 

ö —» 1/2, the first term in the above equation 2;oes to zero, while the second term 

goes to P< (1 — coso)/2. The detected power is not zero at e = 1/2. In practice, the 

splitter/combiner coupler is aligned by positioning the fibers until the oscilloscope 

trace (Fig. III-7) is minimized. 

After the oscilloscope trace (Fig. III-7) has been minimized, it is nulled by ad- 

justing the loop and input polarization controllers (Fig. III-")). The input polariza- 

tion controller alfccts all pulses to a degree. The first pulse, which does not enter 

the sensing loop, is solely controlled by the input polarization controller. The loop 

polarization controller partially controls the recirculating pulses. 

4.    Input Polarization Controller Alignment 

The input polarization controller is aligned by rotating the plane of the con- 

troller loops until the first pulse is nulled. In general, the succeeding pulses are 

not  nulled.    The state of polarization of the first  pulse when it returns to the 

21 

i 



splitter/combiner coupler (Fig. III-5) is now the same as that of the input pulse 

which leaves the output ports (Fig. III-5) of the splitter/combiner coupler. The 

state of polarization at the loop I/O coupler is arbitrary in general. The succeeding 

pulses, which have propagated around the sensing loop, are not nulled because their 

state of polarization does not equal that of the input pulse at the loop I/O coupler. 

5.    Loop Polarization Controller Alignment 

The loop polarization controller is aligned by rotating the plane of the controller 

loops until the reeirculation pulses (i.e. second and succeeding pulses) are nulled. 

The state nf polarization of the recirculating pulse pair and the state of polarization 

of the input pulse pair are equal at the loop I/O coupler. 

After this is completed, the oscilloscope trace is a straight line. No pulses are 

visible and the rc-erurant rotation sensor is aligned. 

E.    Typical Rotation Experiments 

Figure IIM) (a), (b) is an oscilloscope photograph of the output pulse train 

when only the loop coupler is aligned and the splitter/combiner is misaligned In 

this instance, there is a unidirectional flow of optical power around the sensing loop. 

The pulse train is not sensitive to rotation. The pictured pulse train is due to 15 

recirculations of a single optical pulse. The sloping baseline is due to saturation of 

the detector. 

Figure III-10 shows the output pulse train for various rotation rates when 

the sensor is completely aligned. No puises are visible at rest (111-10) because 

the splitter/combiner coupler introduces a ISO degree phase shift between the 

counterpropagating pulses. The rotation rates of the succeeding pictures are chosen 

to show one (III-10). two (III-10). and three (III-10) cycles of the sinusoidal wave, 

i.e. sin(Ao(/)) which measures the continually increasing phase shift (Ao(/)). 
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FIGURE   111-1C 
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IV.   POLARIZATION ANALYSIS OF RE-ENTRANT FIBER OPTIC 
ROTATION SENSORS 

Previous experiments had indicated that it was necessary to maintain a single 

mode and single polarization of the wave in fiber gyros for error free operation. 

Detailed analysis indicates that a very advantageous alternative is to actually and 

purposefully use completely unpolarized light (i.e. light which has polarization 

components of equal intensity, but which are completely uneorrelated). If the 

intensity balance can be maintained through the system, it becomes completely 

insensitive to polarization conversion, and the measuring system becomes much less 

sensitive to laser fluctuation and drift and environmental changes. There results a 

possibility of a considerable improvement in sensitivity. 

Unpolarized light should not be confused with "depolarized" coherent 'Hit or 

with circularly polarized light in which the orthogonal components are correlated. 

The sources of the two polarizations must have a hrz" degree of independence not 

found in existing lasers. Furthermore it is required that the orthogonality, but not 

polarization of the two components must be maintained throughout the fiber loop:' 

The theory in Section B involving a Jones matrix analysis using coherence 

matrices examines the various polarization modes that can be used in re-entrant 

liber optic rotation sensors. Polarized unpolarized and partially polarized input 

light, with various locations for polarizers, are all considered in finding expressions 

for how accurately the measured signal provides the rotational phase shift. This 

analysis shows that for a polarized input into the re-entrant fiber optic rotation sen- 

se r the rotation eiror is reduced if some form of polarization control or polarization 

maintaining fiber is used. For an unpolarized input it is found that there are operat- 

ing points where the detected signal is insensitive to environmental changes. In 

order to achieve high rotation sensitivity the signal must remain highly unpolarized 

and the biased operating points must be stably maintained. 

26 



The effects of polarization on the output of a re-entrant, pulsed fiber optic 

rotation sensor will be modeled by a Jones matrix which will be a function of the 

number of recirculations of the light waves. The input light wave will again be 

described by its coherence matrix. Figure IV-1 shows the three configurations of 

re-'-ntrant. pulsed fiber optic rotation sensors which will be examined for polarized, 

impolarized and partially polarized input light. The configurations differ by the 

placement of polarizers. In Fig. IV-1. a nonreciprocal phase bias element is added 

between the splitter/combiner coupler and the loop I/O coupler to obtain output 

signals as shown in Fig. IV-2. The mechanics of the optical pulse generation are 

neglected and the optical fibers and the couplers arc assumed to be lossless. 

The splitter/combiner coupler is assumed to tie ÖO-ÖO. Its Jones matrices for 

propagation across (Tfr) and along (/i*,,.) the couplers are given in Kqs. IV — lakb. 

respectively. 

6. 

0.'>exp(jr/t| 0 

o o,->expiy-/i) 

0.."iexp(-;'-/l) 

0 °     ) 
(/l'-l) 

«.    Rio 

b.    r/0 = 

Vl-* exp(_/-/l) 

'-I 
.^ expljs-/1) 0 

0 \Aexp(/-/J)> 

(/r-2) 

The matrices describing propagation once around the optical libers are given 

in Kqs. /\' — 3<J and b. 
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Fig.  IV-1. Three configurations of passive re-entrant rotation 
sensors whose performance is analyzed for birefringent 
optical  fiber sensing loops,    (a) no polarizer;  (b) 
polarizers in sensing loop;  (c) polarizer exterior to 
sensing loop. 
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n.    5|2 = o\'p(;'o,s72 f jö(L)) 

6.    5o] = exp(-jp.s/2 + j'o(Z-)) 

(/r-3) 

/cosöexp^P)    sinflexpM?^ 

sinflexp^     cosflexp^g^ 

^sinöexp^^     eos^oxp^p^ 

where pg is the Sagnac phase shift. Ö describes the rotation of the input state of 

polarization by the fiber, o[L) is an average phase shift which depends on fiber 

length with £(/,) and o[l) being phase shifts which depend on the birefringence and 

number of scattering centers in the fiber. The polarizers, which are considered ideal, 

are described bv their Jones matrix. P. in FA\. I\' — 1. 

/' 
COS" 'I viii a cos a 

IV- II 
Vsin n cos a       sin" n    I 

where the angle a is between the polarizer and the j-a\is. IVing thcsse matrices, the 

Jones matrices for the /\ f/l recirculatioii for the liber optic rotation censors depicted 

in Fig. IV-.'* are 

\k-\ K-lc. a.   M*K = Rscü+Tio{Si2Riof~lSx2TioRsc+TfcTio[S-2i Rwf~lS-nTi0B-TSc 

b.   Mk
K ^RscB+TioiPSnPRiot^rSviPTwRsc 

+ TscTio(PS»iPR,o)K-irSnPT1oB-Tsc 
(/V-5) 

c.   \rK = P\Rscn+Tio(Sl2Rtor-lSr2TroIhv+TscTlo{S^R,o)h-lS.2lT,0D-Tsc K-\ 

In the above equations, the matrices B+ and B- describe the effect of the non- 

reciprocal phase bias element. They are given in the x and y linear polarization 

basis as 

;so 
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/e>- 

B± 
xp(±;'-/4) 0        \ 

l/V-6) 
V        0 exp(±;'-/4)7 

The coherence matrix of the output for the Kth recirculation is computed from the 

coherence matrix of the input and the Jones matrices jiven in Eq. IV — •"> by the 

use of Eq. IV — 7. 

a.    I = Tr(J) 

0.       Jpq =  J pq 

:/v-7) 

where 7 is the coherence matrix and / the Sight intensity. The intensity of the 

output for the I\'h recirculation is equal to the trace of the coherence matrix of the 

output for the Kth circulation. 

It is observed that the matrices describing the couplers and the phase bias 

element are of the form of a scalar times the identity matrix. Such matrices 

commute with all matrices. It is also observed that the matrix products P^\2p and 

P&2\P in Eq. l\ — ~>b have only one nonzero diagonal element. The only matrix 

products which are diliicuit to evaluate are .S{\ and S^v These matrix products 

are evaluated by finding unitary matrices D12 and D21 which diagonalize S\2 and 

Six respectively. These matrix products are: 

12 

K 

21 

(IV -8) 

where A <s a diagonal matrix with the eigenvalues of 5J.J as the diagonal elements. 

The Jones matrices. A//v, which describe the three configurations of re-entrant, 

puls"d fiber optic rotation sensors can be rewritten as 

,/.    Ma
h =0.-^(1 -*)(K'-"/-exp(-y(/v' - l)-/l)exp(/M 
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"»    fc  

f2A'eos(K$,/2 + JT/4)       ^v.p[;(/vdj2 + T/1)] + F exp[-j(Ko,/'2 + '/\)\\ 

,    Aexp[;(A 0,-/2 + ~/l)]Aexp j(Aög/2 + -/■!)]        2ß' cos(A'o,/2 + r/1)    J 
(/r-g) 

6.    A/jj = 0.55(1 — <5),/v'-"/2 exp(-;(A - l)-/\)v\p{jko) 

r2cosÄ' 0cos(Ao,/2 + -/-l)e\p(;^/2)    0 

0/ 

r.     A/? = PA/ 

where in Eq. /V — 0<; the parameters .1, A, A and A are defined as 

a. A' = |,1|2 exp(yA/,)/.V+ + |,1|2 exp(-JA'r,)/.Y_ 

6. B' = (B- Cf cxp(7/v"I/I/.V+ + (ß + C")2 exp(-;7w,»/.Y_ 

c. A= -j.A*(A - C)exp(;A7/)/.V+ -;.V(Ü + Oexpf-j/v ,,)/.V_ 

rf. F = ;.V(ß - C)exp(,7w,)/.Y+ + jA*(B + C)exp(-,7v7,)/.Y_ 

The parameters A, B, C, X+, .V_, ;/ are in turn defined as: 

(/r-io) 

a. .4=-sin0e+;'°/2 

b. J3 = eos0sin£/2 

c. C = \fl-cos-0eos-Z/2 (IV-M) 

,/.    A'± = 1 + sin2 0 ~ cos2 0cos £ T 2 cos 0sin Zf'2\fl~~ cos- 0 cos2 £/2 

c.    // = cos"' [cos 0 cos £/2] 

where 0, o and £ are the parameters which characterize the birefringence of the 

optical libers as before. These parameters are i-nvironinentallv sensitive. 
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1.    Co-Polarized With External Polarizer 

In this configuration and mode of operation the input light is linearly polarized 

along the j-axis. The polarizer is exterior to the sensing loop (see Tig. IY-lc). The 

polarizer is oriented to pass the /-linear polarization. The intensity of the output 

pulse for the Kth recirculation, l£  is: 

/£'==0.:>*2(i-M(*~^l-MnA'o,]|,l /'2 liv-v. 

where .1' is defined by Kqs. l\' - 19 and IV — 11. The factor os j.l'j- contains all 

the environmentally sensitive bin-fringence parameters. The factor. |.A'|". in F.<\. 

I\ — 12 is of the form of a constant [)lus a constant times a sinusoid. The frequency 

of this sinusoid is dependent on the birefringence of the fiber. Let a normalized 

frequency r be defined as the product of the frequency and the loop transit time rt 

V = V JV 

The normalized frequency due to birefringence.   ;#, and the normalized fre- 

quency due to rotation, VR, are 

(IV -14) 
a.    iß = cos  '(cos^cosr/i)/- 

t>-    Pä = 0,/-2- 

where o* is the Sagnac shift for one transit of the sensing loop. Using these 

definitions of the normalized frequencies and the definition of A' given in Eq. /Y — 

10d, the detected intensitv for the A'"1 recirculation is rewritten as: 

4" =0.5A2(1 - 6)(K'-,i|,l|,[(l/.V; + l/.V'l) - (l/.V; + l/Xi)*mixKvR 

+ (2cos2-A'vD)/{.\+.\-) - (2sin2-A(rß + rfl)/(.Y+.Y_) 

-(2sin2-A(i7l'-«'ü)/(V+.V_)] 
(/r-i5) 
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To better visualize the effect of birefringence on the performance of a re-entrant, 

pulsed fiber optic rotation sensor, the effect of the decaying envelope due to the 

sampling of the light vvaves each transit, is normalized by defining a normalized 

detected intensity for the A.     recirculation, //v-, as 

1K=IK/£
2
(I-6)

[K
-

1) (IV -16) 

The DC level (i.e. the first term in Eq. IV — 15) is suppressed. 

The normalized intensity 1^ is the sum of four sinusoidally terms. The 

amplitude of the pure rotation term is different from the amplitudes of the birefrin- 

gence terms. The ideal output occurs when only the amplitude of the pure rotation 

or VR frequency term is nonzero. The other terms ran introduce additional zero 

crossings in the pulse train which result in errors in the measured rotation rate. Fig. 

IV-1 shows curves of the absolute value of the amplitude of the i'[> frequency term. 

Ar . versus the state of polarization rotation parameter. 0. The curves are described 

by the linear birefringence parameter. £. Figure IV-5 shows curves of the absolute 

value of the amplitude of the birefringence terms, Ay, within a factor of two. For 

rotations of the state of polarization near 00 degrees, the ratio of amplitudes of the 

pure rotation and the birefringence terms is about 2. This ratio should be made 

large possible in practice, by parameter near ISO degrees as seen in Figs. IY-G and 

TV-?. Figure IY-l> is a plot of 7^- versus K for £ = 0 and various values of 0 while 

Fig. iV-7 is a plot of ~I£ versus A* for 0 = 5 degrees and various values of £. The 

DC level has been suppressed in Figs. DV-6 and rV-7. 

In Figure IY-0a, the undistortcd or ideal pulse train is shown for normalized 

rotation frequency of 3/200. which results in exactly 3 half cycles in 100 recircula- 

tions. In this figure, the pulses start at zero and have three additional zero crossings. 

Increasing the rotation parameter, while the linear birefringence is zero, results in 

increasing distortion of the pulse train (Fig. IY-G). The pulse trains no lov.ger start 
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at zero and additional zero crossings occur. In Fig. IY-6b. three additional :7ero 

crossings are present, while in Fig. IY-Gd nine new zero crossings can be found. 

Increasing the linear birefringence parameter while the rotation parameter is small 

(Fig. IY-7) results in decreased distortion. In Fig. IY-7d. the pulse train appears 

undistorted to the eye. These results imply the fiber used in the sensing loop should 

be polarization preserving. 

2.    Cross Polarized With External Polarizer 

In this configuration and mode of operation, the input light is linearly polarized 

along the .r-axis. The polarizer is exterior to the sensing loop and is oriented to 

pass the //-linear polarization. 

Using Eq. IV — 9c to describe the re-entrant, pulsed fiber optic rotation sensor 

with P representing the polarizer oriented to pass the //-linear polarization, the 

:/) detected normalized intensity //v   for the /v     recireulation is: 

fjO = o..->[ 1 + <m[-2-KvR + o)\\F\~ (71-17) 

where o is the reciprocal birefringent dependent phase shift and F is defined in 

Eq. IV - 10i/. \F\- has the form a constant plus a constant times a sinusoid. The 

frequency of this sinusoid is due to the birefringence of the optical fiber and is 

given in Eq. IV - lib. The normalized intensity again contains frequencies TR, fß, 

<'r + ^[), CR — i'/j. Equation IV — 17 can be rewritten as: 

,;.v) rH' =o.5|,t|-((/i-c)/.v+)- + ((w + c,)/.v-r + ((n-n/.x+f 

+ ((/? + n/.V-)2]sin(2s-A-rft + o) + \±(ir - C2)/(.V+.
V~)1 COS2.T/V VB 

+ \(B" - r-)/(.V+.V-)]!^nC->-/v'(r/. + rn) + o) + sin(2;rA"(FÄ - vn) + o)} 
(IV -18) 

The quantities A, B. ('. .Y+ and .V_ have been defined before. The amplitude of 

•18 



the pure rotation term is different from the amplitudes of the birefringent terms. 

The phase of the rotation terms with respect to the pure birefringent term is ß, 

the reciprocal birefringent dependent phase shift. 

Figures I\'-3 and IY-9 show the amplitudes of the pure rotation. A;?, and 

birefringent. Aß, terms respectively versus the rotation parameter 0. The curves 

are described by the linear birefringence parameter £. As 0 goes to DO degrees the 

ratio Ax/Ay goes to minus two. Both amplitudes go to zero as 0 goes to zero. The 

ratio AR/AU is approximately constant at a nonzero value. The pure rotation term 

can never be made dominant. 

In Figs. IV-10. pulse trains are plotted for fl = £ = 0. and various values of 

0. If 0 is zero then there is no pul>e train because the /-linear polarization at the 

input is never rotated into the (/-linear polarization at the ou;put. The pulse trains 

become more and more distorted as 0 increases but the amplitudes are constant. 

In these figures and all succeeding figures the DC level (i.e. the first term in the 

brackets in Eq. IV — IS) is subtracted out before the normalized intensity is plotted 

for a pulse train. In Figs. IY-11. the pulse trains are shown for 0 = 5 degrees. 

6 = 0 and various values of £. As the linear birefringence parameter £ increases 

the amplitude of the pulses is decreased and the distortion of the pulse train is 

increased. For 0 around zero degrees and for £ going to ISO degrees the normalized 

intensity goes to zero. In Figs. IV-12, 0 = 5 degrees, £ = 0 degrees and 0 is as 

shown. The pulse trains are increasingly distorted as the reciprocal birefringent 

phase shift parameter, o. is increased. This configuration and mode of operation is 

not suitable for use as a rotation sensor. 

3.    No Polarizer 

This configuration is shown in Fig. IY-la and is modeled by the Jones matrix in 

Fq. IV -Oii. The input light is linearly polarized along the /-axis. The normalized 

- 10 
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intensity for this configuration is the sum of the copolarized and crosspolarized 

configurations. The normalized intensity, 7/v- is the sum of Eqs. IV—15 and IV — 18. 

h< = i{K+i{K av-m 

7/v- approaches the ideal response when 0 is around .:ero and is around 180 

degrees because Tjjj- goes to zero and I £ goes to the ideal response. Figures IV-13a 

and b, show the pulse trains for small 0 and for £ equal to zero. The pulse trains 

are highly distorted. In Figs. IY-lla and b. the pulse trains are shown for the 

same value of 0 as in Fig. IV-13, but the linear birefringence. £. increases. For 

£ = 10 (Fig. IV-Ma), the pulse train is less distorted. For £ = 00 (Fig. IY-1 lb). 

the pulse train appears to be ideal. Figures IV-15a and b, show the pulse train for 

a reciprocal birofringent dependent phase shift (o) of DO degrees and a low value of 

0. A large amount of linear birefringence removes the distortion of the pulse train 

(Fig. IV-15b). 

It can be concluded from the three configurations examined that some form of 

polarization control or polarization maintaining fiber is necessary for a re-entrant, 

pulsed fiber optic rotation sensor to avoid distortion of the pulse train which leads 

to -ors in the measured rotation rate. Major distortions of the pulse train can be 

caused by small, and linear birefringence parameter, £. 

4.    Copolarized With Internal Polarizer 

If the polarizers are placed inside the optical fiber sensing loop the spurious 

zero crossings are eliminated. An additional loss factor appears which depends on 

the rotation parameter 0. The loss of the sensing loop is environmentally sensitive. 

This configuration of a re-entrant, puised fiber optic rotation sensor is shown in 

Fig. IY-lb. The polarizers are oriented to pass the input polarization. The Jones 

matrix describing this configuration is given in Eq. I\' -06. If the input is linearly 
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polarized along the j-axis the normalized detected intensity is: 

*K IK = 0.5 cos-n 0{ 1 - sin 2~/v"r R) [IV -20) 

The frequency of the sinusoid which modulates the amplitude of the pulse train 

is uneffected by the fiber birefringence. The amplitude of the pulses will decay as 

the number of recirculation increases because of the eos2/v 0 factor. In Fig. IV-16. 

the envelope of the pulse train is plotted for zero rotation rate. The curves are 

parameterized by the rotation parameter. 0. These curves show that 0 must be in 

the range of [0,5] degrees, for the normalized amplitude of the 100(/! recirculation is 

more that 55 dB down from the input pulse level. The maximum value of 0 for which 

the last recirculation is within .'MB of the input pulse level depends on the number of 

recirculations. For 1000 recirculations. 0 must be less than 1.5 degrees. Polarization 

control or polarization maintaining fiber is required for use of this configuration as 

a practical rotation sensor. 

5.    Unpolarized 

In this configuration and mode of operation the input light is unpolarized. 

The rotation sensor configuration is shown in Fig. IY-la. The normalized detected 

intensity of the Kth recirculation is: 

7^'=0.5-0.5 l-2|,i|2[((Z?-C)/.Y+) 

sin 2~K VR (IV -21] 
+((ß + C)/.Y_)-]cos-(p/2) 

+ [|,l|2(ß2-C2)/(,V+AL)]coS--'(o/2) 

X [sin 2rrA'(r/j + VB) + sin 2s7v" (VR - Vß)] 

where all the quantities have been defined previously. The DC level is independent 

of the parameters 0 and 0. For polarized input light the DC level depended on these 

parameters. Three normalized frequencies, VR. VR + Vg and Vn — vn are present for 
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unpoiarizecl input light. For polarized input light, four normalized frequencies were 

present. 

If the birefringent dependent phase shift parameter, Ö. equals 180 degrees, 

then the sum and difference frequencies are not present in the normalized intensity 

which is then independent of the rotation parameter o. and the linear birefringence 

parameter £. The environmental sensitivity of the fiber can be reduced by plac- 

ing a controllable, reciprocal birefringent dependent phase shifter in the optical 

fiber sensing loop. The spectrum of the normalized pulse trains will have three fre- 

quency components. Adjust the reciprocal birefringent dependent phase shifter so 

that only the central frequency component is nonzero. The reciprocal birefringent 

dependent phase shift around the loop will be 180 degrees. The detected intensity 

will be environmentally insensitive. Feedback is required to maintain the reciprocal 

birefringent dependent phase shift at 180 degrees. 

In Figs. IV-17. IY-1S and IY-10. the normalized detected intensity less the DC 

level is plotted versus the number of recirculations, in each figure, one of the three 

parameters. 0, £ or o is varied while the other two remain constant. In Fig. IY-17. 

0 is varied, in Fig. IY-13 £ is varied, and in Fig. rV-10 o is varied. The undistorted 

pulse train is shown in Fig. IY-17a. The normalized rotation frequency, F/?, is 3/L'OO. 

As the rotation parameter 9 increases, extra zero crossings are introduced (Figs. 

IY-17b, c, d). These extra zero crossings result in errors in the measured rotation 

rate and the angle turned through. To avoid these spurious zero crossings, 0 must 

be restricted to the range [0, 0mixj. Given the parameters of Figs. IY-17. 0,nix is less 

than 1 degree. It will be seen that 9m is independent of the number of recirculations. 

In Fig. IV-18a, the pulse train is shown for 0 = "> degrees, o = £ = 0. This figure 

is identical to Fig. IV-17c. As the linear birefringence parameter increases (Fig. IV- 

18b, c, d). the extra zero crossings disappear. In Fig. IV-lSd, when the birefringence 

parameter, £, equals 00 degrees, the pulse train distortion is quite small. This occurs 
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only when the rotation parameter is small. In Fig. IY-19a, the pulse train is shown 

for 0 = £ = 5 degrees. As the reciprocal birefringent dependent phase shift, o. 

increases (Figs. lV-19b. c. d) the extra zero crossing disappear and the distortion 

decreases. For o = 180 degrees, no distortion is present, regardless of the of values 

of 9 and i. 

6.    Partially Polarized 

Most light sources produce partially polarized light and most optical com- 

ponents exhibit some degree of polarization selectivity, hence the operation of a 

re-entrant, pulsed fiber optic rotation sensor using partially polarized input light 

is examined. A partially polarized light wave can l»e expressed as the sum on an 

intensity bails of a polarized and an unpolarized light wave The polarized light 

wave is assumed to have /-linear polarization. The normalized detected intensity 

for partially polarized input light is the weighted sum of the normalized detected 

intensities for the unpolarized (Ftp IV — 21) and the nopolarizer (Eq. IV — ID) 

configurations. The weighting factors depend on the degree of polarization. P. The 

-,'rl normalized detected intensity for A     recirculation. IK is 

7<? = P(7^ +7^)-Ml-/>)/£' (/r-22) 

where 7^-', 7/f and 7^ are given in Eqs. IV — 15, IV- 18 and /\' — 21 respectively. 

The intensity 7/- contains normalized frequency components of r/?, r/j. TR — T'B and 

?R + '7/- The normalized detected intensity 7yv approaches the ideal response for 

the rotation parameter. 0, being small and the linear birefringence parameter near 

ISO degrees, regardless of the degree of the polarization /'. It can be concluded that 

for no polzarizers in a re-entrant system, the detected intensity approaches the ideal 

response for 0 small and £ near 180 degrees regardless of input state and degree of 

polarization. 
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Assume instead that the reciprocal birefringent constant at 180 degrees. The 

unpolarized part of the response. 7/" in Eq. IV — 22 have normalized amplitudes 

which are less than the maximum degree of polarization in general. The ideal 

response which is the term at a frequency of f/> is sinusoidal, thus the value of the 

pure rotational term can be vanishingly small at those K. hence extra zero crossings 

can be introduced regardless of how small P is. 

If a threshold of detection is used this problem can be eliminated. If the 

absolute value of the amplitude of a particular recirculation is less than the threshold 

value, then this recirculation is not used in the measurement of the phase of the 

envelope of the pulse train. If the threshold level is 7". the degree of polarization. 

/'. must be less than T to avoid counting extra zero crossing if there is no noise. If 

there is noise and/or the reciprocal birefringent dependent phase shift, o. is not ISO 

degrees, the thresnold level must be increased to avoid detection of the extra zero 

crossings. The threshold level can not be increased without reducing the number 

of recirculations drastically. The reciprocal birefringent dependent phase shift, o. 

must be kept at ISO degrees with high accuracy, the degree of polarization of the 

light source must be small, and the polarization sensitivity of the components must 

also be small, in order to achieve a rotation sensor with high sensitivity. 

V,     PROPAGATION OF NOISE IN PASSrVE RE-ENTRANT PULSED 
FIBER OPTIC ROTATION SENSORS 

The key differen ■ between single pass and re-entrant systems in the propaga- 

tion of noise is due to the rotation rate being obtained by .V measurements in the 

re-entrant system versus one measurement in the single pass system. Because of this 

difference, the error analysis for single pass systems does not apply to re-entrant 

systems. A new result describing the contribution of each noise source to rotation 

rate error must be derived. 

The propagation of noise in a re-entrant system is strongly effected by the dctcr- 
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tion scheme used. This scheme determines the relationship between the observed 

pulse heights of .V recirculations and the rotation rate. Two detection schemes 

will be analyzed here. One of these is called the least square error method.'5 It 

is difficult to implement in practice, because of the large amount of calculation 

rnqvjrH T!"1 nrravio-otirin of noise is easv to calculate for this detection scheme. 

The other scheme is called the cycle counting method. It is easy to implement, but 

it is quite difficult to calculate the propagation of noise for this detection scheme. 

A computer is required for the evaluation of the rotation rate error for this scheme. 

The least square error method will be covered first. From the output of a 

re-entrant rotation sensor, one obtains pulse heights. //v-, at limes t^. The pulse 

heights. /, are related to the rotation rate. Q. as 

f = !(9..xi.tK: y-\ 

where A", are the instantaneous values of the noise parameters. 

The square error. /:'". between the observed ami calculated pulse height is 

defined as 

(t'-2 

The measured rotation rate. 9.m. is that which minimizes the square error. Let f^ 

the measured pulse height, be expressed as 

jK = f\na,Xi + ±Xi.tK) ir-.i) 

where H,, is the actual rotation rate, X, i> tue mean value of the noise parameter 

A',, and A.V, is the instantaneous deviation of A", from its mean. Let the measured 

rotation rate be expressed as 

- S.) 



nm = na + AQ (v-i) 

where AQ is the deviation of the measured from the actual rotation rate. 

Equation V —2 can be rewritten as 

E2 = E l/ind.X- + AA-„ th) - /(a, + AH. X. 'K»]f :r- 

Eafh pulse height. /. in the above equation is expanded in a Taylor series to tirst 

order about the point (n„,X,). The result is 

\'-(i) 

where the partial derivatives [,-£ and -j^1 are evaluated at (H,,. X'. lK )■ The 

instantaneous rotation rate error AiJ. is that which minimizes I:'-, the other 

quantities are all known. Differentiating I'.1 with respect to A'.), setting it equal to 

zero, and solving for AH vields 

AH = 

i—K — I 

(V 

The mean square rotation rate error is obtained by squaring equation \' — 7 

and taking the average value. The mean square rotation rate v-rior. a\, is (assuming 

A.V, are independent) 

^2  _  ^.--1 1-K.1.=\  h  ,'M) .-».V. .5.V,a.V' (l-8| 

where <7\-, is the mean square value of A.V, and the other quantities have been 

defined previously. To calculate rrj-j, requires a'^, and /(Ü,A',\/) be known. 
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To use the cycle counting method of detection requires that the signal be passed 

through a high pass filter to remove the DC level. The filtered signal can have equal 

excursions in the + and - directions. The number of half cycles of the envelope of 

the pulses is determined by counting the number of zero-crossings. A zero-crossing 

occur? v.'hcn twn ^Hi-io^nt ruij'sps hnvp onpn^itp signs. Once the number of zero- 

crossings is known, the frequency of the envelope can be determined and thus the 

rotation rate by using Eq. V — 9. 

DO 

where F is the envelope frequency. D the loop diameter. fi the angular velocity, n 

the refractive index and X the optical wavelength. 

The measured filtered pulse height. j\. has two parts. One part is due to the 

rotation iate, and the other is due to noise. This can hi' expresses as 

/',=?;+M[. (i--io) 

where fk is the mean value of f'k and represents the signal, and A/'t is the instan- 

taneous difference between the measured pulse height f[. and the mean pulse height 

/;.. A/;, is due to noise. 

To calculate the mean square rotation rate error requires that the probability 

be calculated for observing 0. 1. "2,3. ....V — 1 zero-crossings due to noise from the 

ideal waveform which will have A" zero-crossings (\nc to rotation. Due to noise, one 

or more of the pulses can change sign giving fewer or greater number of zeros. Let 

P/(\K) be the probability of observing exactly K zero-crossings. The mean square 

frequency error, ay. is 

(^ — 11) 
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where /'o is the lowest frequency measurable. Using Eq. Y—12 allows the calculation 

of the rotation rate error, an. 

nP\) 
:v-i2) 

where  t k thr. or«-. o.>»'-;;:;| by :!;,. ... üoiii« loop nun r is tue perimeter of the area. 

The problem is reduced to finding the probabilities P/ci^) which depend on 

the ideal waveform (i.e. actual rotation rate) and on the probability of observing 

a A/'.. The probability density function l\,-> [A/'.) is obtained by the following 

reasoning. 

The measured pulse heights can be written as 

/l. = //
iin,.x,- + AA' r- m 

whe-e all parameters are as before.   Expanding this function in a Tavlor series to 

lirst order about the point (H.-.X,-) results in 

Ofi- 
tt'i ^A, 

(Y-li) 

Comparing Eqs. Y — I1 and I' — 10 gives A/'^. as 

A/  nr> 
(»'-15) 

The characteristic function8 M±pK(w) is given in terms of the characteristic func- 

tion of A A',' as 

^■J^=E^^\'-']^ % O'-JB) 

where the characteristic function is the Fourier transform of the probability density 

function /', df'K/0X, is evaluated at (Oj.X,) and the A.V, have been assumed in- 
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dependent as previously. By inverse Fourier transforming M\f,{w) the probability 

density function P±nK(-^//v) 's obtained. 

For analysis purposes, the probability density functions of AA', are assumed 

Gaussian with standard deviation a\i and zero mean. In this case, the probability 

density function. P^y (A/'/v-) is also Gaussian with zero mean and a standard 

donation, G\t<., given as 

M 

The probability density function is written as 

V' V- 17 

r±rJ±fK = (j-tfA_^ r1 cxpH^A>A/;j7^J \v - IS) 

In calculating the probability density function /'. (/;), the prohibitics of observ- 

ing and not observing a change in the sign of K'h puise which has amplitude 

f(U,i. A',-, tk) must be known. These probilities are 

■l/il 

6.   /^'=1-Fnf,i/',) 

(F-10) 

if) if) 
where /';;/<• and /'//' are the probabilities for not observing and observing a sign 

change in the I\'h circulation. 

Let S(J) be the set of all possible ways of getting exactly ./ zero-crossings from 

A' rec iron Lit ions.  Let S(J)i be the ith element of this set.  The probability P of 

observing this element given idea", pulse heights f'k(i}lt, A',) can be expressed in terms 

otrili) and rlf*1 as 

H;K-= n 'IS   n   ^ 
opposite same 

[V -20) 
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where I\fa,ne '
s tne product over the pulses in .?(/),- which have the same sign as the 

corresponding pulses in /'A.(na, X,) and Hom^ifc 's 'lie product over the pulses in 

S{J)i which have opposite signs compared to the corresponding pulses in /^.(O,,. X,). 

The probability of observing exactly ./ zero-crossings, /'(./). is the sum of P(./),- over 

all elements of the sets S(J). 

For .V recirculations. the number - f zero-crossings is between 0 and .V — 1. 

There are also 2N different ways of arranging the signs of V recirculations. A 

particular arrangement is represented by a sequence of A elements, where each 

element can be 1 or -I. The Is and -I's refer to positive and negative pulse heights 

respectively. Calculating the probabilities I'(.I) for A  large is extremely dillicult. 

A computer is used to calculate the probabilities of P[i). The input into 

the computer program are the function /'(Q.X,. //.-). the number of recirculations. 

the rotation rate and the standard deviations of noise parameters. The computer 

calculates the probability of observing each of the '1' arrangement of the signs of 

A' recirculations given /'([!. X,\ ti:). It also determines the number of zero-crossings 

for each arrangement. From this it computes the probabilities of observing exactly 

./ zeroes. Pzc[J)- The normalizec' mean square frequency error (oy/Po)2 is then 

calculated using Eq. Y — 11. For ten recirculations there are 102 1 arrangements, 

while for "JO recirculations there are 1.018.576 arrangements. Fven the computer 

can not handle more than about "JO recirculations due to the extensive computation 

time. 

The computer was used to analyze the performance of a phase biased, non- 

birefringent re-entrant rotation sensor in the presence of noise. The noise sources 

which were used are source power noise, source frequency noise, input coupling noise, 

coherent backscattering noise, shot noise, thermal noise, amplifier noise, and phase 

biased noise. Bircfringent noise, 1/f noise, and rionreciprocal noise sources were not 

included. The mean values and standard deviations of these noise parameters are 
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shown in Fig. V-l. 

The other parameters of the rotation sensor are given in Fig. Y-2. The 

schematic of the rotation sensor is shown in Fig. Y-3. The equation which described 

the detected signal is 

Vj<t = Z ,/v-l ci/,////ir)[-///,.„1,(l-<i)-^-,oxp(-oA7.).-os(/vo„ - -/•!} 

-'//',w(l-'M^K~'-,xp|-o/vA)\v/2/^r7,,/lMn(A'o,/2)A's; 

+ /shot + ^thermal! 

: \" - -21 

where of is 

'-I.RQr/r T 

where all tlie quantities are detiued in Figs. \'-I and Y-2. 

The program was run three times to examine the behavior of the re-entrant 

rotation sensor for six, seven and eight recirculations. Figures Y- la. b and c are plots 

of actual zero-crossings versus rotation rate in the absence of noise. These plots 

resemble "staircases." The jumps between zero-crossings are actually discontinuous. 

The slope is due to the finite horizontal resolution of the computer program (i.e. 

the rotation rate increment is 10~- rad/see). 

Figures Y-öa, b and c are plots of the mean number of zero-crossings versus 

rotation rate for six. seven and eight recirculations with noise present. A noninteger 

number of zero-crossings is to be interpreted in a prohalistic sense. The general 

form of these plots is that of a rounded staircase (i.e. the transitions between zero- 

crossings are sloped). The degree of roundness increases with increasing number 

of recirculations. Near zero rotation rate, the mean value of the zero-crossings 

increases rapidly. 
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Fig. V-l.      Table of means and standard deviations of noisy parameters 
used in the numeric evaluation of tie noise in re-entrant 
rotation sensors using cycle counting detection algorithm. 
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HA«h*»w<jpw .. i.ii i"i\v*mimm*mxm>*^pgn« S^^,«!^p>PH!WI!BW^»^^ 

Parameter Physical 
Meanina 

Value 

L Fiber Length ^ ^ w  lit 

R Loop Radius 7.6 cm 

3 3andvidT;h 20 MHz 

F Amp Noise 
Figure 

I dB 

a Fiber 
Attenuation 

1.3 dB/Km 

Lcoh Coherence 
Length 

7.5 cm 

d Loop Coupling 
Ratio 

70°6 

z Trans impedence 20,000 V/A 

K Recirculation 
Number 

1 to 3 

n Rotation Rate 0 to 1 rad/s 

T Temperature 300 K 

rs Photcdiode 
Series Res. 

50 Ohms 

%?? Quantum Eff. 50% 

Fig. V-2. Table of values of the system parameters used 
in the numeric evaluation of the noise in re- 
entrant rotation sensors using cycle counting 
detection algorithm. 
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Fig. V-3.    Schematic of the re-entrant rotation sensor 
using a cycle counting detection algorithm 
whose response was numerically evaluated in 
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These observations are explained as follows. When a transition is made between 

zero-crossings, the last recirculation is very small in absolute value. The noise which 

is present now easily causes sign reversals of the last recirculation. This uncertainty 

in the sign of the last pulse results in the roundness of the transition between zero- 

crossings. 

When this rotation sensor is rotating at low angular velocity, the pulses are all 

near zero. The noise again causes sign reversals of the pulses easily. This uncertainty 

of the signs of the pulses results in a large mean value of the zero-crossings at low 

rotation rates. 

Both of these effects are more severe for mure recirculations. because there 

are more pulses which can be in error. IVing too many recirculations in the 

measurement of the rotation rate leads to error, figures V-Ga. b and c are plots 

of the standard deviation of the zero-crossings versus rotation rate. The standard 

deviation is a measure of the rotation rate error caused by the noise. This error is 

in addition to the one part in .V error associated with counting .V cycles. In these 

figures, the errors are seen to be largest at the transition between zero-crossings 

and low rotation rates. As more recirculations are used in the measurement, the 

overall error increases. The reasons for these are the same as for the rounding 

of the mean zero-crossing plots (Figs. V-5a. b and c), A threshold of detection 

or better signal processing can reduce the error at low rotation rates and at zero- 

crossing transitions. At present, one zero-crossing is counted when two adjacent 

pulses have opposite signs. The pulses on either side of these oppositely signed 

pulses could also be examined. Then by use of an appropriate algorithm, it eould 

be determined that the pulse trains in Fig. Y-7 have only one real zero-crossing. 

The dynamic range is reduced in this scheme (i.e. the maximum detectable rotation 

rate is decreased). Perhaps an adaptive algorithm could reduce the errors without 

reducing the dynamic range too much. 
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Time 

a) 

Pulse Keicht 

b) 

Fig. V-7.    Pulse heights vs time for a re-entrant rotation 
sensor:    (a) noiseless, (b) noisy.    Rotation 
rates are identical. 
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The noxt section deals with active re-entrant rotation sensors which have an 

optical amplifier in the sensing loop to compensate for loss. A new noise source is 

present, namely optical amplifier noise. The behavior of this system in the presence 

of noise is examined from the viewpoint of maintaining the siinal to noise ratio 

above a specific value for as long as possible. In all rotation sensors, the error 

increases rapidly if too many recirculations are used. 

VI.   AMPLIFIER AND INCOHERENT RAYLEIGH BACKSCATTERING 
NOISE IN ACTIVE RE-ENTRANT ROTATION SENSORS 

1.    AmpliGer Noise 

The method for increasing the integration time which is being developed in- 

volves placing a bidirectional optical amplifier inside the optical liber sensing loop. 

The gain of the amplifier is used to compensate for the loss in the sensing loop. 

This rotation sensor is termed an active, re-entrant pulsed liber optic rotation sen- 

sor. A schematic of this rotation sensor is shown h l'ig. VI-I. The differences 

between this system and the re-entrant system shown in Fig. \\-'l are the bidirec- 

tional amplifier and the reciprocity coupler. The reciprocity coupler assures that 

the counterpropagating waves travel the same optical path through the system. The 

amplifier reduces the loss in the loop and also adds noise to the system. In all other 

aspects the active re-entrant fiber optic rotation sensor is identical to the passive 

re-entrant fiber optic rotation system discussed previously. 

Figure Y1-3 shows the pulse train observed by the detector as a function of 

time. The pulse trains have a very gradual decay because the round trip loss is low. 

The noise which the amplifier introduces and amplifies in the loop serves to destroy 

the coherence between the counterpropagating pulses. This results in the depth of 

modulation of the envelope of the pulse train going to zero. When the depth of 

modulation falls below some value, the error in the measurement of the phase of 
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angle decreases rapidly. 

'< -«' " «- «-™-d Low ,he sis„al to noise r„i0 .„ ,he fiber op(ic ^ 

■»op dee,,,, du« t0 ampiifi„ nojse.  0thw soi|rccs of no|w rf| v   - 

*> ■» °<- «*. .-W, in ,ho ,„„p. T,„ noisc al ,h0 outp||i of |hp k 

given as 

"'" — l-VxArr + .V,,)exp(;7) 17-1) 

en where e\p(</) = 6' is the gain of the amplifier. Expressing the amplifier gain in this 
form will be convenient later. 

The amplifier must be so placed in the loop, that the cotinterpropagating waves 

transit the amplifier simultaneously to avoid nonreciprocal effects. Thus in Fig. VI- 

■I. the amplifier is placed at the midpoint of the sensing loop opposite the loop I/O 

coupler. The noise power grows as the number of rceirculations increases. The noise 

power (A'/v-) for the A     recirculation is given as: 

%) = .V.« expU + »i/2||„p( A"*) _ ,|/(1 _ l,xp(_^)] 
(17-2) 

I. 'W. *«.«. t „ lhe roUp,i„g ralio of ,„„,„„„ ,/0 (.o||])W a .   (hf 

Por »„- **,» of !he „be, an<! L „ lb, ,cng„, of „,„.,. ^ ^.^ ^ 

j- are defined as follow: s: 

«.    exp(-A) = 1 - 6 

b.   x = g-aL-± (»7-3) 

"" " "" ,OT '"° "" "«*" " E- ^    T.,e „oiso al tlll. amplin„ 
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111 

l^^^^BMta^^MMIK 



mBmmmi^**mmmmmmmmim'mu i    *>mw >«■ *mm^i*imwmBm^mmmmmimmmmm 

output is propagated around the loop and becomes the other noise for the second 

recircuia^n. By continuing this procedure, a geometric series is obtained for .Y/v\ 

Equation VI-2 is the sum of this geometric series. 

The noise power incident on the detector for the I\'h recircuiation is given as 

-VäP(A-) = .V(A-h. (r/_4) 

where 7 is the loss between the loop I/O coupler and the detector 

at the output port of the loop I/O coupler is given as 

t*K = /'^2f.vp|/v jJ.-xpU) (17-5) 

""""'' B'"" "r i"fi<K"" « »«"'»"'»»" ■■' •<«• <■»>„ i/o ,„lpk, Md, all<i 

x are :,s before Tli, signal power detected a, ,1,, detect,,, i» „„,,, 3S 

rJ"[K) = /'.,4-oxplAViii +(,)so.|(.x)1(A| (). 

0. is .1.0 Sognac phase shift. ,„ „,is equation all birefringence effects are „elected 

II can be seen ,hat «he detected signa, power of the ff« „circulation can hi, anv 

value between zero and sonte maximum value Pp. dl,pe, ,„g 0„ Ifc> ^^ ^J 

Stgntflcan, errors in the neasnremen, of the envelope phase »ill „„„• ,H.gi„ ,„ occur 

when the ,„avin,u„, detected signal power for K* recircuiation begins ,„ approaoh 

the detected noise power of the !<"• recircuiation. 

The detected signal to noise ratio can now be written as 

.^■|,.,1=,/T7A,.,, = ,,/.„/.V„,e.vp(-„V,1Il.oxp(.xl)/1|_,.vp(_A./il 

07-7) 

-112- 

«■^I^BMMMMMMHMiiHM 



where all the quantities have been defined previously. It is now desired to make the 

signal to noise ratio for the Kth recirculation as large as possible. This condition 

will give the maximum number of recirculations for a given signal to noise ratio. 

The parameter which is adjusted is the gain of the amplifier. The partial derivative 

with respect to g is taken of Eq. VI - 7 and is set equal to zero. The result of this 

operation is 

r/ = oA + A (17-8) 

In physical terms this means that the gain of the amplifier equals the round trip 

loss of the loop. In practice, the gain of the amplifier will be slightly less than the 

round trip loss so as to avoid oscillation of the loop. 

Evaluating Eq. 17 — 7 for the gain in Eq. 17 — 8 results in the number of 

recirculations for a given .S'/.V ratio as 

K = ö{P0/X0)exp{-aL/2)/(S/X) ■n-m 

In the re-entrant rotation sensor, it is the integration time and not the number of 

recirculations which is important. The integration time is given as 

'ml KT0 (17-10) 

where T0 is the loop transit time. The loop transit time is 

T0 = nL/c (17-11) 

where L is the length of the fiber which forms the sensing loop, n h the index of 

refraction of the liber and e is the in vacuo velocity of the light. Combining Eqs. 

17 — 9, 17- 10 and 17-11 results in the integration time 
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Tint = (6n/c)(P0/X0)Lexp(-aL/2)/(S/X) (17 

This integration time can be maximized by adjusting the length of the fiber which 

forms the sensing loop.  The fiber length which maximizes the integration time is 

o-ivnn   «jg 

L = 2/ft 

The maximum integration time is given as 

'Xi-m 

T;,lt = -\6n\P.t/\0)/[<\ciS/X)e] 

The equivalent noise input power, .Y0, cm be written as 

.V, = FltvAv 

(17-11) 

(17-15) 

where the F is the amplifier noise figure, h is Planck's constant, v is the optical 

frequency and Ar is the amplifier bandwidth. Assume the amplifier is formed from 

Nd:YAG, let the noise figure. F, equal 10. the optical frequency is about 300 THz 

for a wavelength of 1.06 /im. and the bandwidth is about 2 GHz. The equivalent 

noise input power is about -1 n\Y. 

In evaluating Fq. VI— 11. for the maximum integration time the following 

values are assumed for the other parameters 

a. Pa = lOOmlt' 
6. S/A' = 10 
c. 6 = 0.01 
(/. a = l.SdD/km 
e. n = 1,-15 

(17-10) 

These values are typical of the all fiber, passive re-entrant rotation sensor discussed 

previously. The maximum integration time is 0.21 seconds. This integration time 
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corresponds to minimum detectable rotation rate of 6.8 deg/hr for a rotation sensor 

of 10 cm diameter. This is not a too impressive rotation rate. Mechanical and 

laser gyroscopes can sense rotation rates of 10~- to 10-'5 deg/hr. How can the 

performance of the active re-entrant rotation sensor be improved? 

Increasing the loop I/O coupler coupling ratio. 6 from 1*7- to 10'7. the minimum 

detectable rotation rate is improved to 6.8 X 10_1 deg/hr. This requires that the 

amplifier have ten times as much gain. The diameter of the sensing loop can also 

be increased. The minimum detectable rotation rate for sensing loop diameters of 

1 and 10 meters is 6.8 X 10"- deg/hr and 6.8X10~:1 deg/hr. Finally, the required 

bandwidth of the amplifier can be decreased by using long pulses (e.g. pulsevvidth 

equals half of the loop transit time). By using Kq. 17— 13 to calculate the optimal 

length of the fiber, the pulse width which equals half the loop transit time is 

6 //s. This corresponds approximately to a bandwidth of about 170 KHz. The 

minimun detectable rotation rate can be as low as ö.S X 10-,) deg/hr for a sensing 

loop diameter of I meter with a lO^c loop I/O coupler coupling ratio. This is an 

impressive rotation rate. These results are summarized in Fig. YI-">. 

2.    Noise Due to Incoherent Backscattering 

It is recognized today,' that backscattered radiation which is superimposed on 

the optical signal waves can be the limiting factor in rotation sensor performance. 

The source of this backscattered radiation is Rayleigh scattering from the optical 

signal waves which is trapped by the fiber. The backscattered optical power can be 

expressed in the following form: 

P = DaP0Lint 07-17) 

where a is the fiber attenuation due to Rayleigh scattering, ft is the trapping factor 

(i.e. fraction power trapped by the fiber in the backwards direction), /,,„, is the 
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Fig. VI-5.    Minimum detectable rotation rate for various loop I/O 
coupling ratios, loop diameters, and amplifier band- 
widths.    Noise consists solely of amplifier noise. 
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length over which the backscattering occurs and P0 is the power of the forward 

wave. Eq. 17- 17 is valid only if aL{nt << 1. 

It will be assumed in the treatment which follows that the backscattered optical 

wave is not coherent with the forward optical wave (i.e. signal). It has been shown 

for single pass, C\V fiber optic gyroscope8 that there is a small amount of coherence 

between the forward and backward waves. This residual coherence results in the 

backwards scattered wave having a larger effective noise power. Work is being 

done to reduce the coherence between the forward and backscattered waves. The 

ultimate lower noise limit caused by backscattered light waves occurs when they 

are not coherent with the forward light waves. The integration time calculated in 

this case will be an upper bound on the integration times achievable in practice. 

In the re-entrant type of rotation sensor, there are two pulses which coun- 

terj ropagate many times around the closed optical fiber sensing loop. A particular 

point on one of the optical pulses will pick up effective backscattered optical power 

only when it is overlapped by the other optical pulse. In the present case, the 

interaction length {L;nt) in Eq. VI— 17 is the pulse length. Each pulse generates 

backscattered waves at each point along the loop, but it is only the backscattered 

waves which are generated when the two pulses are coincident that arrive at the 

photodetector at the same time as the two pulses. The pulses overlap each other 

at two points in the sensing loop: at the beginning of the loop (i.e. at the loop I/O 

coupler) and a* »he midpoint of the loop (i.e. at the amplifier). 

The build up of effective backscattered power will be treated as follows. Each 

time the pulses overlap, backscattered power as given by Eq. VI — 17 is generated 

in each direction. This newly generated backscattered power is assumed to add in- 

coherently to the backscattered power generated during previous pulse coincidences. 

This assumption allows for the slowest growth of the backscattered power and con- 

sequently, the longest integration time.  In practice, there will be some degree of 
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coherence between the backscattered waves and the integration time will be smaller. 

The total backscattered power is then propagated around the loop until the next 

pulse coincidence. 

The effective backscattered power generated when the pulses coincide at the 

amplifier is slightly modified from that given in Eq. 17—17. It is assumed that the 

forward wave is then amplified. The backseat tired power at the amplifier is given 

as 

/Vamp = /io/,,L„1(•,„exp(•-,!/) 117-IS) 

where Lpnue is pulse length and c'J is the amplifier gain. This is a worst case limit 

which applies when the amplifier length is much h-ss than the pulse length. 

Initially, there is no backscattered power in the sensing loop. At some time. 

T0. two pulses are simultaneously injected into the loop in opposite direction by the 

loop I/O coupler. The backscattered power produced by the initial injection is less 

than that gven by Eq. 17 — 17. since the two pulses are not really coincident. It is 

assumed, that this backscattered power is given by Eq. 17—17. This approximation 

is accurate to one part in A', where K is the number of recirculations. The 

backscattered noise power in one direction for the K'h recirculation can be written 

as: 

X,\K) = BP0a62LFUi„K\>\I\{g-aL-l)}\I< exp(y) + K + 1)        (17-10) 

The above noise power is at one of the output ports of the loop I/O coupler. The 

total backscattered noise power reaching the detector is given in terms of As (A."). 

■d<t \ruo = i.\s\i<) (17-20) 
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Combining Eqs. V7-2, VI-4, V7-6. V/-I0. VI-20, the signal to noise 

ratio for the A     recirculation is written as 

a\ -= ^__ 
\NJK       exp(o/V'_>)[l -exp(-/vj)]/[l -o\p(-/)j +O >6ß/"-\e\p(-A)j[A exp(j/) + A" 

[VI-'21) 

The maximum signal to noise ratio again occurs when the amplifier gain equals the 

roundtrip loop loss (i.e. g = aL + A). The signal to noise ratio now becomes: 

(».)  = ™ ,r/-22) 
VA'7/v      A>xp(o7/2)A + B/UPA'a*pxp|-A)(<?xp(oL + A) +1] 

where it has bee;, assumed that A'[exp(</) + 1] >> 1. for A* large. The number of 

recirculations. A", for a given signal to noise ratio .S'/.V can be written as 

Pob/(S/X) 

.Yt,exp(o7/2) + BP0Lrad[vxp{aI\ + exp(-A)] 

The integration time can now be ws-tten as 

(17-23) 

Tint — 
6P0Ln/[clS/X)\ 

A'„ exp(öL/2) + DP0Lpa6[expiaL) + exp(-A)] 
(17-2-1) 

The integration time must be maximized by proper choice of the loop length, L, 

and the pulse length. Lp. 

Differentiating Eq. 17 — 24 with respect to L and setting it equal to zero, yields 

the following transcendental equation for L. 

A>xp(oL/2)(l - oL/2) + BPcLpa6[ I - aL) exp(oL) + DP0Lpa6 exp(-A) = 0 

(17-25) 
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To solve this equation numerically, the pulse length, Lp, must be known. 

The equivalent noise input power of the amplifier is given in Eq. 17— 15. The 

bandwidth required for a particular pulse width can be approximately expressed as 

Ai- ~ 1/TP = c/nLp (17-26) 

The derivative of Eq.  VI — 21. with respect to the pulse length. /..,, is taken and 

set equal to zero. The optimum pulse length is 

Fhvc/n 

where Fa is the noise figure of the amplifier and B is the trapping factor for the 

backscattered radiation. The length of the fiber. L. must be known to solve for the 

pulse length. 

No maximization of Eq 17—21 with respect U, Ö need be done. This is because 

Eq. 17 — 21 is monotonically increasing for b<[0. l]. The simultaneous numerical 

solution of Eq. VI — 27 some value of L is assumed and the corresponding pulse 

length is calculated. This pulse length is then used in Eq. 17 — 25 and a new value 

of the .cngth of the loop L is calculated. This new value of L is then substituted 

back into Eq. VI — 25 and the above procedure is done again. The values of loop 

length and pulse length so obtained converge rapidly. After four iterations, L and 

Lp are known to one part in ten thousand. 

This iterative procedure was carried out for loop I/O coupling ratios of 1 and 10 

percent. The result for these calculations are summarized in Fig. \1-6. The diameter 

of the rotation sensor is assumed to be 10 cm as before to facilitate comparisons. 

Comparisons of Figs. VI-5 and Y1-6 show that the inclusion of backscattered 

optical radiation as an incoherent noise source decreases the sensitivity of the 

rotation sensor by at least an order of magnitude. If the backscattered optical 

radiation is treated as a coherent noise source then the sensitivitv is decreased 
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6         T  (nS)            Ay(GHz)          L(Km;       T.   . (mS) Q   ■    (deg/hr)  p         _____           int mm 

0.01       0.35                  1.12               2.12               278 5.4 

0.10       0.28                 3.5                 2.10               886 1.7 

Fig. VI-6. Minimum detectable rotation rate as a function of 
the loop 1/0 coupling ratio for active re-entrant 
gyro with backscattering. 
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even more. The only way to reduce the effect of backseattering is to go to longer 

wavelengths, since Rayleigh scattering scales as the inverse of the fourth power of 

the length. Large diameters can also be used to increase rotation sensitivity. 

VII. AMPLIFIER NONRECIPROCITY 

It has been shown that amplifier noise and backseattering noise can be limiting 

factors on the performance of an active re-entrant fiber optic rotation sensor. 

There is another factor which could be a limiting factor on the performance: the 

nonreciprocity of the amplifier. 

The power gain of the amplifier is represented exp|</) where (/ is the power gain 

coefficient. The complex field transfer coefficient of the amplifier can be represented 

as: 

{!f!:.ld = g/'- + Jo (17/-1) 

where y/'2 is the field gain coefficient and o is the phase shift of the amplifier. 

A differential, complex field gain coefficient 7 is defined by the following integral 

equation: 

9fUld = J0 o(-.0</- 07/- 2) 

where L is the length of the amplifier and - is the coordinate along the amplifier 

axis. The differential field gain coefficient is a function of position and time. This 

differential gain coefficient can be viewed as a complex propagation constant. For 

the amplifier to be reciprocal requires that the differential gain coefficient. 7, satisfy 

the same conditions as does the fiber propagation constant, 3, for a reciprocal fiber. 

These conditions can be written as: 
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(17/-3) 
a.   o(~,0 = M£-M) 

where I is the length of the amplifier and r is the transit time of the amplifier. 

These equations are only valid if the counterpropagating waves are simultaneously 

incident at the ends of the fiber amplifier. 

If the amplifier is nonreciproeal then the complex field transfer coefficient is 

not the same for each direction through the amplifier. Let gt^^ and ;/7,-,|j he the 

transfer coefficients in the +: and —z directions respectively (Fig. M-l). These 

transfer coefficients can differ in the field gain coefficient, the phase shift or both. 

The effect of a difference in field gain coefficients is a reduction in visibility9 of 

the envelope of the detected puise trains. The visibility of a particular recirculation 

is defined as: 

i-    imax       imjn 

AK)       ,{K) 
imax + imin 

(17/-4) 

where /max and l\^m are the maximum and minimum intensities of the Kth recir- 

culation. The visibility is one for the 0th recirculation and decreases to zero as K 

goes to infinity. In terms of signal to noise ratio, the effect of unequal field gain 

coefficients is an additional attenuation of the signal power. 

Let g+/'2 and g-l'l be the field gain coefficients in the +z and —r directions. 

The magnitudes of the field for the Kth recirculation traveling in the +c and —; 

directions can be written as 

(17/-5) 
a.   \E+[K)\ = yft \E(o)\ exp[/v(ff+ - aL- A)/2] 

6.   \E.(K)\ = \/ä|E(o)|exp[/v(y_-oL- 1)/«} 

where \E(o)\ is the field magnitude at each input port of the loop I/O coupler at 

time / = 0. Optimum signal to noise ratio is still obtained if either </+ or g~ equals 

the round trip loss.  Let g+ equal the round trip loop loss, but g- is slightly loss 

than the round trip loss [nL — A) 
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t-    g--aL~± = -€       (>Q (VII-G) 

The fields for the Kth recirculation now become: 

a.   |Zr+(/v)| = |/T(0)| rr//--i 
6.    |/r_(A')| = |/T(0)|exp(-/v-f/2) ""     " 

The detected .signal power. /'„•j, for the K'h recirculation is the difference 

between the maximum and minimum detected powers for the Klh recirculation. 

/'„VIA" > = /'max (A') ~ /'mini A) (17/- 8) 

The maximum and minimum detected power can be written as 

a.    /'nnx(A) = QM'Po\l + wp(-f /v/2)f- 
(W/-0) 

Substituting Ecjs. 17/ -9 into Eq. 17/ —8. the detected signal power for the K'h 

recirculation becomes 

P,i9[K) = 262P0e(-if<) (17/- 10) 

where P0 is the power at each input port of the loop I/O coupler at / = 0 (i.e. 

P0 = |£"(o)|2). The detected signal power now decreases with increasing number 

of recircuiations. Previously, with a reciprocal amplifier, the signal power has been 

constant while only the noise power has increased. 

The number of recircuiations, A", obtained with a nonreciprocal amplifier which 

has a nonreeiprocity in the power gain of i is now given as: 

A'exp(fA') = A', ..... v      ' " (I //- 11) 
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where /v'(, is tlie number of recirculations if the amplifier is reciprocal (i.e. c = 0). 

From this equation, it is seen that a nonreciproeal amplifier reduces the number of 

recirculations for a given signal to noise ratio. This results in a lower sensitivity for 

the re-entrant rotation sensor which uses a nonreciproeal amplifier. 

For numerical evaluation of the allowable nonreciprocity, (, in the power gain of 

the amplifier, the following criteria will be used. The maximum allowable amplifier 

power gain nonreciprocity is that which reduces the number of recirculations to one 

half of the number of recirculations obtained with a reciprocal amplifier. In this 

case the rotation sensitivity is one half of the ideal rotation sensitivity. This power 

gain nonreciprocity which causes a 3 dB reduction in recirculations and rotation 

sensitivity satisfies the following equation: 

(/v-t)/2)exp[(/v(,/2)f;iJß] = A'„ (VII-12) 

This equation can be solved for (zdD- This nonreciprocity is given as 

<3Jß = -'/»<2//v,) (17/- 13) 

The table in Fig. MM shows t^B f°r various numbers of recirculations. I\0. 

In the tables in Fig. \1-5 and \1-6, the number of recirculations is between 

104 and 106. At this writing, no data is available for power gain nonreciprocity in 

bidirectional optical amplifiers. The tolerable nonreciprocities in Fig. MM appear 

to be restrictive. 

The field gain coefficients are now assumed to be equal. The phase shift 0 

of the amplifier is assumed to depend on the direction of propagation through 

the amplifier. The amplifier will now introduce a phase shift, $amp, between the 

counterpropagating electromagnetic waves which can be written as: 

Qamp — 0+-<l>- (VII- 11) 
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Fig. VII-1.   Amplifier power gain non-reciprocity 
which results in a 3 dB reduction in 
recirculations and rotation sensitivity 
in a re-entrant rotation sensor vs the 
maximum number of recirculations. 
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where o+ and <^_ are the phase shifts through the amplifier in the + and - directions 

respectively. This amplifier induced nonreciprocal phase shift per pass is indistin- 

guishable from the Sagnac phase shift per pass in general. 

The nonreciprocal phase shift for the I\'h recirculation, o(A'), is now given as 

o(/v) = K[os + odWP\ [VII- 15) 

where os and 6amp are the Sagnac phase shift and the amplifier phase per pass 

respectively. The measured envelope frequency. F,n. associated with this phase 

dependence is 

Fm = /'r,.t + F imp (\'II- 10) 

where Frot is the frequency due to rotation and Fdmp is the frequency due to the 

phase nonreciprocity of the amplifier. 

a.    Frot = 
i in 

(VII- 17) 

In the above equation, c n the velocity of light in free space, n the index of the 

guiding medium. Q the angular velocity of the sensor, L the length of the loop, A 

its area and P its perimeter. 

The measured envelope frequency, Fm, is related to the angular velocity be 

Eq. VII — 17. The amplifier phase nonreciprocity introduces an error into the 

measurement of the angular velocity of the system. This error nfrror, can be written 

as: 

n,rr„r = nmM, - naet = MS^I/XA)^^ (VII- is) 

where Q,„(af and Uact are the measured an actual rotation rate respectively, X and 

c are the free space values of the wave length and speed of light.   A is the area 
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enclosed by the optical fiber sensing loop, ;V is the number of turns of optical fiber 

about this area and 0amp is as before. If the optical fiber sensing loop is circular, 

then Eq. VII — 18 becomes: 

nerror = (\c/2-)(l/LD)Ollmp (VII- 10) 

where L is the length of the optical fiber and D is the diameter of the sensing loop. 

Assume that a fiber length 2.1 Km is wound about a cylindrical form of 10 

cm diameter to form an active re-entrant rotation sensor. The minimum detectable 

rotation rates for this rotation sensor are shown in Fig. \1-G. where the backseat- 

tered power is incoherent with the signal power. The amplifier phase nonreciprocity 

will be calculated which gives an angular velocity error just equal to the minimum 

detectable rotation rate for each entry in Tig. \l-(>. These results are summarized 

in Fig. MM. 

Again, no information exists for phase nonreciprocity in bidirectional optical 

amplifiers. The quantities specified in Fig. VII-2 appear to be restrictive. If the 

diameter of the sensing loop is increased to achieve a lower minimum detectable 

rotation rate, the amplifier phase nonreciprocity remains constant. This occurs 

because the minimum detectable rotation rate and the rotation rate error are both 

inversely proportional to the diameter of the sensing loop. If the length of the 

optical fiber sensing loop is increased by using a fiber with a lower attenuation, the 

behavior of the a'iowable amplifier phase nonreciprocity is not easily determined. 

This arrises because the rotation rate error is inversely proportional to the fiber 

length, but the minimum detectable rotation rate has a nonlinear dependence on 

the fiber length through Eqs. VI — 25 and 17 - 27. If the minimum detectable 

rotation rate is decreased by changing the loop I/O coupler coupling ratio, then the 

allowable amplifier phase nonreciprocity also decreases. Work needs to be done on 

bidirectional optical amplifiers. 
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Fig. VII-2.    Amplifier phase non-reciprocity for 
various measured errors in the angular 
velocity for active re-entrant rotation 
sensor. 
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VIII. MULTIMODE FIBER GYROS 

Another task under the contract during the reporting period has resulted in a 

proposal for a new form of single pass cw gyro using multimode fiber. A generaliza- 

tion of the analysis reveals that using many modes in a multimode fiber carries 

the advantage much further, but again complete independence and maintenance 

of mode intensity and orthogonality (but not mode integrity) is required.10 The 

multimode gyro is considered to be potentially very important because, in addition 

to allowing the use of multimode fiber which eases coupling problems, it eliminates 

the need for a polarizer. This is a major consideration because of the strict require- 

ments imposed on the polarizer by the very small optical phase shifts which must 

be sensed by the gyro measuring small rotation rates involved in inertia! navigation. 

Earlier under the AFOSR program1 we developed an analysis which extended 

the conditions of operation of single pass cw fiber gyros using single mode fiber by 

lifting the requirement that the degree of polarization be unity, i.e. that the state 

of polarization be constant in time. This allowed the calculation of the response of 

the gyro for an arbitrary state of polarization of the input light and for arbitrary 

birefringence in the fiber. This work showed that the gyro could be operated with 

completely unpolarized light, thus eliminating the polarizer, and that this type of 

operation would allow the full sensitivity of the system to small rotation rates to 

be retained. 

During the reporting period we continued this analytical work, extending it to 

the case of prospective gyros in which the single mode fiber would be replaced by 

general multimode fiber. 

In the analysis of the multimode systems we have been able to show that an 

essential property, referred to as reciprocity, is retained. In the conventional fiber 

gyro using single mode fiber and polarized light, reciprocity, which is necessary 

for high gyro sensitivity, requires the use of a polarizer with requirements on the 
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discrimination ratio which can be as high as 100 dB. 

We can perhaps clarify this further as follows. It is first helpful to consider the 

nature of the output response of single pass gyros. In these systems the detector 

current is a periodic function of the rotation rate being measured. As a result, 

the system must be biased so that the current at zero rotation rate occurs halfway 

between a maximum and minimum of this periodic function where the response to 

a small increment of rotation is maximum and linear. Without bias this operating 

point occurs at a maximum of the detector current where the response is minimum 

and nonlinear. This requires the introduction of a quadrature phase relationship 

between the two optical waves, clockwise and counterclockwise, which propagate 

around the fiber sensing loop. 

A properly biased gyro, with reciprocity, has the property that, at the bias 

point, the output current is independent of changes in the propagation constants of 

the fiber in the sensing loop, such as are produced by environmental effects acting 

on the fiber. Our work showed that this property is possessed intrinsically by the 

proposed multimode system, free of polarizers when it is properly excited. 

A schematic diagram of the proposed multimode g\ ro is shown in Fig. MII-1. 

The couplers could be bulk beam splitters, but fiber directional couplers would be 

preferable. The differences between this circuit and that of the conventional fiber 

gyro are in the multimode specifications of the source and sensing loop, and the 

absence of a polarizer which in the conventional case is located in series with the 

path between the two couplers. 

Details of this system are given in the Appendix. 

The concept of reciprocal gyros was introduced under the AFOSR program, 

including the need for polarizers in gyros using polarized light." This was followed 

by introduction of the concept of sensitivity limitations in gyros due to Rayleigh 

scattering in the fiber, and the primary approach of source spectrum broadening 
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to reduce the effects.12 Th^e are two of the key considerations which have led to 

the realization of single pass über gyros whose threshold sensitivity and drift are 

consistent with requirements of long term navigation. Another of the key factors 

has been control of the nonlinear optical Kerr effect, which was developed in this 

laboratory under another program. These procedures have become rather standard 

in the fiber gyro art. The newer proposals for single pass gyros, namely unpolarized 

single pass systems, and multimode systems, arose from extensions of the analytical 

work which led to the earlier advances. 

DC.   ANALYSIS OF SOURCE CHARACTERISTICS AND SCATTERING 
IN FIBER GYROS 

The study of scattering in optical fibers has continued' with effort to relate the 

inherent Rayleigh scattering in fibers to errors in optical fiber sensors, particularly 

the Saf
cnac interferometer. Krmr signals may arise from fluctuations inherent in 

the optical source; secondary waves from regions near the center of a Sagnae loop 

which are substantially coherent with the primary waves; and waves scattered 

by inhomogenieties which are substantially uncorrelated. The relative strength 

of the fluctuations depends upon the characteristics of the source, its coherence 

time/length, whether it has multi (longitudinal) modes or not, and whether it is 

gain-saturated (constant intensity) or not. Calculations indicate that very broad- 

band multimode low coherence gain saturated lasers are a good, and perhaps best 

signal source for single pass optical fiber gyros. With such a source it is probable 

that the "incoherent"scatter provides the largest potential error, but is likely to 

be smaller than errors due to environmental effects. Further work is necessary to 

relate specific details of existing optical sources to specific interferometer designs, to 

determine the relevant time constants of scattering phenomena and to obtain quan- 

titative evaluations of error. A study on the reduction of backscattering error5 has 

revealed that the use of short signal pulses or equivalent chirped pulses and suitable 
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modifications of the fiber loop can greatly reduce the error due to backscatterine;. 
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RE-ENTRANT FIBER OPTIC ROTATION SENSORS 

G. A. Pavlath and H. J. Shaw 
Edward L. Ginzton Laboratory 

Stanford University 
Stanford, CA 94305 

A recirculating fiber optic rotation sensor is described which employs mul- 
tiple transits of pulsed light around a closed coil of optical fiber. An 
all-fiber implementation of this re-entrant rotation sensor is presented. 
The experimental results verify the basic operation of the device. 

Present fiber optic rotation sensors propagate cw light once around an 
N-turn optical fiber coil. In re-entrant rotation sensors, [1] the M-turn 
optical fiber coil is closed so that pulsed light can propagate many times 
around the coil. The Sagnac phase shift is increased proportionally to the 
numoer of recirculations of the light around the optical fiber coil. Thus, 
in effect, the length of the fiber is increased by the factor N. 

Fig.l shows the schematic of the present re-entrant rotation sensor. It 
is constructed in all-fiber form, without splices, using single-mode fiber 
components. 
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propagate to the loop I/O coupler where portions of the pulses are injected 
into the loop in opposite directions. This coupler is adjusted for a coup- 
ling coefficient near unity. The pulses propagate around the loop many 
times. After each transit around the loop, a portion of each pulse is 
coupled out. These sampled pulses are recombined by the splitter/combiner 
coupler and detected by a germanium photodiode. The polarization control- 
lers [3,4] compensate for birefringence in the fiber, and allow the inter- 
ferometer to be easily balanced at zero rotation rate. 

We have found in practice that the requirements of this interferometer, 
namely efficient and balanced injection of pulses into the sensing coil to- 
gether with efficient and balanced reinjection of pulses after each circu- 
lation, are difficult to satisfy with bulk optics components external to 
the fiber requiring a large number of alignments and adjustments which are 
not independent. The present all-fiber version involves no alignments and 
contains only four adjustments (two coupler and two polarization controllers, 
which are non-interacting and yery  easily made and maintained, leading to 
excellent performance of the interferometer. 

Each input pulse gives rise to a train of pulses at the photodiode with 
pulse spacing equal to the loop transit time (Fig.2). The envelope of the 
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Fig.2 Detected pulse trains at rest and during rotation 

pulse train has a exponentially decaying component due to loss in the sen- 
sing loop and a sinusoidal component whose frequency is proportional to the 
rotation rate. The latter occurs because the Sagnac phase shift increases 
linearly with the number of transits around the loop while the pulse height 
is proportional to the cosine of the Sagnac phase shift. 

For a circular sensing loop of diameter D , the frequency, 
sinusoidal component of the pulse train envelope is 

of the 

A - (1) 

where \ is the wavelength and Cl is the rotation rate. The accumulated 
phase ;(t) of the sinusoidal envelope component in a time T is propor- 
tional to the angle turned through -(T) as 
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the detector and corresponds to 50 nW of optical power. 

'..'hen the sensor is rotated, the envelope of the pulse train is a decay- 
ing sinusoid. The rotation rates in Fig.3 were chosen to give approximately 
1, 2, and 3 cycles of the sinusoidal component. The measured pulse trains 
are in agreement with theory. 

In conclusion, an all-fiber re-entrant rotation sensor has been construc- 
ted. It has shown that pulses can be recirculated many times (10) and that 
tne Saanac phase shift accumulates for multiple transits of the sensing. 
An optical amplifier will be placed in tne sensing loop to compensate for 
loss in order to extend the number of recirculations by a very large factor. 

The potential of reentrant systems for sensing very small rotation rates 
will be evaluated, including the use of lar^e diameter sensing loops where 



the use of such loops is applicable. This reentrant system is also a good 
vehicle for studying the effects of Rayleigh backscattering in fiber optic 
rotation sensors. 

H. J. Arditty, H. J. Shaw, M. Chodorow, and R. Kompfner, "Re-entrant Fiber 
Optic Approach to Rotation Sensing," Proc. Soc. Photo-Opt. Instrum. üng. 
157, 138-148 (1978). 

2 
R. Bergh, G. Kotier, and H. J. Shaw, "Single-mode Fiber-optic Directional 
Coupler," Electronics Letters 16_, 260-261 (1980). 

3 M. Digonnet and H. J. Shaw, "Analysis of a Tunable Single Mode Optical 
Fiber Coupler," to be published in the April 1982 issue of IEEE Journal 
of Quantum Electronics. 

4 
H. Lefevre, "Single-mode Fiber Fractional Wave Devices and Polarization 
Controllers," Electronics Letters 16_, 778-780 (1980). 

This work was supported by the Air Force Office of Scientific Research 
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ABSTRACT 

Reciprocal operation of a fiber optic rotation sensor using un- 

polarized light is presented. The existence of stable operating 

points which are unaffected by slow environmental changes, to which 

the sensor can be biased is shown. 
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SUMMARY 

A non-rotationally induced differential phase shift is present in fiber 

optic rotation sensors if the polarization in the optical fiber is not con- 

served or controlled.  This phase shift is caused by residual birefringence 

in the optical fiber.  It can be quite large ana very sensitive to the en- 

vironment.  It has been shown that this phase shift can be eliminated by 

correct usage of a polarization analyzer. There still remain environmentally 

produced amplitude variations. Work is being done in various laboratories 

to develop polarization conserving fibers and active polarization control to 

limit these effects. 

A new method is presented by which the non-reciprocal phase shift can be 

eliminated without the use of polarization conserving fibers, active polari- 

zation control, or polarization analyzers. Figure 1 shows a bare, basic fi- 

ber optic rotation sensor. The light source is unpolarized. At any instant 

of time the electric field can be represented by its components along the x 

and y (transverse) directions. The phaser between E and E is randomly 

distributed over the interval [~*r to it}.    The instantaneous intensity incident 

on the detector contains both reciprocal and non-reciproc3l terms. Some of the 

non-reciprocal terms are caused by cross products of Em and E . These cross- 

prcduct terns are averaged to zero in the detector.  The remaining non-reciprocal 

terms combine on an intensity basis to eliminate the non-reciprocity. 

- 1 - 
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If ehe optical fiber and other components of a rotation sensor are 

2 
modeled as birefringent elements using Jones' matrices,  the normalized, 

detected intensity is 

Idet - 1/2 + 1/2 (1 - |t(Xl,Y2) - t(Yl,X2)|2) cos 0g   (1) 

where 0 is the Sagnac phase shift and t(Xl,Y2), t(Yl,X2) are the off- 

diagonal elements of the Jones' matrices describing the birefringence of 

the fiber. These elements are environmentally sensitive.  Figure 2 shows 

plots of I,  versus 0 for several values of these elements. Note how the r       det       <? 

curves expand and contract about their average value. This causes the de- 

tected intensity to be independent of environmental fluctuations for Sagnac 

pha^e shifts which are odd multiplies of TT/2. By placing a non-reciprocal 

phase shifter in the loop, it is possible to bias the rotation sensor to one 

of these points at rest. The detected intensity will now be stable at rest. 

These stable operating points are coincident with the points of maximum sen- 

sitivity. 

Figure 3 shows curves of I   versus 0 obtained experimentally using the 

rotation sensor shown in Fig. 1. The experimental results are in agreement 

with theory. 

It has been shown that a rotation sensor, operated with unpolarized light 

is reciprocal without the use of polarization conserving fibers, polarization 

analyzers or active polarization control.  In addition there exist stable 

operating points where the detected intensity is insensitive to the environment. 
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MULTIMODE FIBER GYROSCOPES 

G.A. Pavlath and H.J. Shaw 
Edward L. Ginzton Laboratory 

Stanford University 
Stanford, CA. 94305 

We have recently shown [1] that the basic reciprocity requirements [2,3] for 
sensitive fiber gyros can be met in single mode systems in which the usual 
polarized light source is replaced by an unoolarized source, and that certain 
other operational features also result which are of interest. In the present 
paper we extend the analysis of both oolarized and unoolarized gyros to the 
case of gyros using multimode fibers, and show that there are interesting 
features in these cases also. 

The electric field in the multimode fiber is expanded in the modes of the 
fiber as 

N 
E(x,y,z) = : a,(z)M,(x,y) (1) 

k=l <        k 

t h 
where !\(x,y) is the k  mode and a^(z) is a comDlex number representing 
the amDlitude and phase of the kcn mode. For auasi-monochromatic light, the 
correlation between the modes must be soecified along with the Dower in the 
mode. This is accomplished mathematically by a generalized coherence matrix 
(4) which is N •< N . The kitn term is 

Ju = <ak{z)a*(z)> (2) 

where the asterisk (*) and the brackets (< >) denote the comDlex conjugate 
and the infinite time average respectively. The generalized coherence 
matrix has the same properties as the 2 < ?.  coherence matrix decribed in 
Ref. [4]. 

The ODtical fiber is modeled as a 2N port linear system. The sorts are 
identified with the fiber modes at either end of the fiber. The fiber is 
described by two transfer matrices T^ and T'2 which characterize oroDa- 
gation from end 1 to 2 and vice versa. The k.'.tn element of these matrices 
is 

r^ 
j(>?! * >./2) (3a' 21 JWU  s 

r, , e 
K . 

j(:).2 - : '2) '3b) M 12 a
JV"<   's- 

11 r,  9 
K • < • 

.-<nere :<-. is the Saanac ohase shift, r,.  is tne fraction of  the 'icnt 
incidents u one end in mooe   wmcn exits tne otner *iber -end ;n lode 
und  , is the pnase snift alona the sath :oonectiig moaes    and < . 
Reoorocity is assumed :o nola it <-est tnus T£"r = :<-£ . The transfer 
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matrices are unitary if the fiber is lossless. A transfer matrix for the 
gyroscope can be written in terms of the transfer matrices of the compo- 
nents. The T, 's are environmentally sensitive. 

We consider two configurations of multimode fiber gyros, one using 
polarized light (Fig. 1(a)) and the other using unpolarized light (Fig. 
1(b)), wnere polarized and unpolarized are defined in terms of the general 
coherence matrix. For polarized light all of the power is in one mode 
(i.e., Jkc, = 6ml/5m,;), while for unpolarized light the power is evenly k£ = mk^mi 
divided among the modes and the modes are uncorrelated (i.e., J 

k* W\i) 

The normalized power assuming ideal  components is calculated to be 

I 
polarized l/2(rmm)<(l ♦ cos ♦  ) (4a) 

I unpolarized =    1/2 
i    N 

+ / —    r 
)N    " k=l 

(rkk> 

1   I 
Nk=l 

N 
L (r 

12,2 
cos(? 

12 
U - ? IM cos y 

The above formalism reduces to the case for single mode fibers by 
setting    N = 2 . 

(4b; 

Response curves (I versus i ) for multimode fibers are shown in Fig. 2 
for various values of T^ .  Note that the response curves are sinusoidal 
with the positions of the maxima and minima of each curve independent of 
Tko . This indicates reciprocal behavior. For the polarized gyro, the 
value of the minima are fixed while the value of the maxima depends on T^. 
In the unpolarized gyro, the average value of the curves is constant, while 
the maxima and minima expand or contract uniformly about the average value 
depending on T^j, . Thus the behavior of polarized and unpolarized multi- 
mode gyros has the same basic characteristics as for polarized and unpolar- 
ized single mode gyros. 

iat wTiwr nimm 

Fig.2(a) Response curves of 
polarized, multi- 
mode fiber optic 
gyroscope for 
various values of 
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Fig.2(b) Response curves 
of unpolarized, 
multimode fiber 
optic gyroscope 
for various 
values of the 
scattering 
coefficients 
(V ■ 

For the polarized gyro, Fig. 1(a), the insertion loss can be large if 
the optical fiber scatters the incident power uniformly over the N modes. 
However, individual modes are sometimes well preserved, which would result 
in reduced insertion loss. The insertion loss of the unpolarized gyro, 
Fig. 1(b), is expected to be low due to the absence of mode selective com- 
ponents. All N modes are detected. The large numerical apertures of 
multimode fibers allow more optical power to be coupled into them than into 
single mode fibers. This can be important in reducing the effects of detec- 
tor noise. Low cost LED's can be used with multimode fibers. Relaxed 
alignment tolerances and cheaper fiber are further advantages. Also coher- 
ent backscattering and environmental sensitivity are expected to be lower 
because of averaging over the modes. 

in conclusion, we see that reciprocal operation of gyros with multimode 
fiber is theoretically possible in both polarized and unpolarized forms and 
that there are some prospective advantageous tradeoffs over single mode 
gyros. 
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ABSTRACT 

Coherent Rayleigh backscattaring can be a source of significant 

error in Sagnac fiber rotation sensors.  By using appropriate methods 

of signal modulation and by modification of the sensing loop, this 

error can be greatly reduced. 
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SUMMARY 

Rayleigh backscattering has recently been recognized as an important 

factor which may limit the sensitivity of optical fiber Sagnac rotation 

sensors.  Each of the primary waves that counterpropagate around the 

sensing loop excites small scale inhomogeneities in the fiber which in 

2 
turn act as induced dipole radiators.  The fiber captures a portion of 

the scattered radiation and guides it in the reverse direction.  The 

contributions from each of the scatterers add vectorially to constitute 

a total backscattered field in each direction, which has an amplitude 

and phase that are stable in time if the loop is not perturbed. 

Since the scatterers are randomly distributed along the fiber we can 

only estimate the r.m.s. amplitude of each backscattered wave in terras of 

the total backscattered power, and the phase of each wave cannot be predicted. 

These waves possess some degree of coherence with the two primary waves and 

add vectorially at unpredictable phases that are in general not identical 

for both waves (Fig. 1).  The result is a component of phase shift due to 

bacKScattering that is, for any single measurement, indistinguishable from 

thac induced by rotation. 

In general, the error due to backscattering can be minimized either by 

reducing the coherence between :ne primary and ;he scattared waves or by 

reducing the magnitude of ehe aetactad backscattering itself.  The former 
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may be accomplished in a number of ways, nocably by phase modulating the 

primary waves, thereby randomizing the phases of the backscattering waves. 

Other factors such as environmental changes and finite source coherence 

length also play a role in reducing the effect of backscattering.  Even 

with these factors and with intentional modulation the uncertainty due to 

scattering can be of the same order of magnitude as that of the best 

3 
operation yet reported. 

The magnitude of the detected backscattering can be reduced 

significantly by using signal pulses that are of short duration relative 

to the transit time T around the loop. This reduction is due to the fact 

that at any given time a short pulse is localized in a correspondingly 

short segment of the fiber path.  As a result, only a fraction of the 

total backscattered light is able to arrive at the output in coincidence 

with the direct signal pulse (Fig. 2). The non-coincident backscattering 

can be removed by gating.  Similar results can be obtained using chirped 

pulses that are spectrally equivalent to the short pulses but require 

lower peak powers. 

The use of short puises net only reduces the coincident backscattered 

power by a large factor (1000 if At ■ 5 ns in a 1 km loop), it also 

defines the segment of the fiber where it originates. The backscattered 

power detected during the interval T - it.'2 < t < T +■ -t/Z (and thus in 

coincidence with the direct pulse) originates solely from scatterers 

located within a corresponding segment of fiber halfway around the loop in 

the interval LIZ  - vdt/2 < z   '■   L/2 -*- vi.t/2, where L is the loop length and 

v the jroup velocity of the pulse. Thus if the input pulse is made shorter, 

the iources of zhe  unwanted :ac:-'.£cattarad oower are reducad in nu.r.ter ana 
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are restricted to a shorter segment of the fiber Az = vAt (e.g., if 

At = 5 ns, then iz s 1 ai).  Since its location is known, such a segment 

can be identified and physically isolated from the rest of the system. 

By reducing the backscattering from only this short segment of the loop, 

a '-lrther improvement in rotation sensitivity will result. There are 

st  al methods of accomplishing this. 

In summary, it appears that through the use of short signal pulses or 

equivalent chirped pulses and suitable modification of the fiber loop, 

the error due to backscattering can be greatly reduced. 
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Birefringence and polarization effects in fiber gyroscopes 

Q. A. Pavlath and H. J. Shaw 

A formalism is presented for treating birefringence and polarization in fiber optic sensors. This formalism 
is applied to study theoretical characteristics of fiber gyroscopes which are operated with various states of 
polarization of the input liglit including nonpolarized and partially polarized light, which have potentially 
useful characteristics.   Measurements supporting the theoretical predictions are described. 

I.    Introduction 

It is recognized today that polarization plays an im- 
portant role in the operation of many kinds of fiber optic 
sensors. The monomode optical fibers which form the 
sensors are birefringent. This birefringence enters 
during fiber manufacturing either deliberately as in 
polarization maintaining fibers or accidentally. Bire- 
fringence can also be induced in a fiber by bending or 
twisting and by external stress, electric, magnetic, and 
acoustic fields.1"3 This birefringence is extremely 
sensitive to the environment of the fiber. Changing 
birefringence can cause substantial variations in the 
signals from fiber optic sensors, which can be indistin- 
guishable from the signals caused by the physical field 
being measured. 

This paper will focus on cw single-pass fiber optic 
gyroscopes. A new method is presented by which the 
effects of fiber birefringence are reduced. It consists 
of operating the gyroscope with unpolarized light and 
removing any polarization selective elements from the 
system. This method assures reciprocal operation and 
provides stable operating points at which the gyroscope 
can be operated without being affected by reciprocal 
changes in fiber birefringence. 

To understand how this method works a formalism 
will be presented which quantifies the fiber birefrin- 
gence and treats its effects for any state and degree of 
polarization on the performance of fiber optic sensors 
in general.   Previous formalisms4-5 were applicable only 
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to completely polarized (monochromatic) light. This 
formalism, which is applicable to light of any degree of 
polarization (quasi-monochromatic), is applied to sev- 
eral methods of operating a fiber optic gyroscope in- 
cluding the unpolarized method. Experimental results 
are given which support the theoretical predictions. 

II.    Theory 

A.    Coherence Matrix Representation of Polarization 

To represent the state and degree of polarization, the 
coherence matrix formalism6 will be used. Choose any 
two orthogonal polarization states as the basis for the 
coherence matrix. Let EK and Ei be the projections 
of the electric field of a light wave on this basis. The 
coherence matrix J of the light wave is then 

where the brackets (•) signify the infinite time average. 
In the rest of this paper the basis states are chosen as 
linearly polarized along the x and y axes. 

The coherence matrix defined by Eq. (1) is Hermi- 
tian. The degree of polarization P is determined by the 
eigenvalues (X^Ao). and the intensity / is given by the 
trace. These properties can be stated mathematically 
as 

a) 

lux ■•*?>. l'&lt 

P - |x, -x,|/ix, + .y>). 12b) 

/ - TVJ. (2cl 

If a light wave passes through as linear birefringent 
system, characterized by a Jones matrix S, the input and 
output coherence matrices are related as follows: 

J«a - SJ,»S* • 3» 

The coherence matrix of a linear superposition of light 
waves is the sum of the coherence matrices of the light 
waves.  These properties will be used extensively. 
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B.    Birefringent Model of Optical Fiber 

The optical fiber will be modeled as a general bire- 
fringent element using Jones matrices.4"8 A Jones 
matrix S^ will describe propagation from fiber end 2 
to fiber end 1. A second Jones matrix S21 will describe 
propagation in the opposite direction. The fiber is as- 
sumed lossless. Hence the Jones matrices are unitary. 
This means that the sum of the absolute squares of the 
elements in a row or column equals unity. The Jones 
matrices can be written in general as 

S21 ■ 

MX1..X2» 

t(Yl.X2) 

t(X2..Yl> 

MV2..V1) 

f(Xl.y2) 

t(Yl.Y2) 

t(X2.YU 

KY2.YV, 

14a) 

(4b) 

where the t{k,lYs are complex numbers which represent 
the scattering coefficients of a general four-port linear 
system. The ports represent the x and y linear polar- 
izations at the ends of the fiber as in Fig. 1. If the fiber 
is reciprocal, the complex scattering coefficients are 
related as 

Hk,l) =■ tUM (5) 

A more detailed form of the Jones matrices will be 
derived by considering the length of fiber shown in Fig. 
2. 

The propagation constants 8X and ßy for the two 
polarizations are shown explicitly. First consider a 
model in which, at some point z along the fiber, some 
power is exchanged between the two polarizations, while 
at all other points in the fibers the two polarization 
modes are uncoupled. The Jones matrices (which are 
2X2) can now be written 

Si j ■ expOJJL) 

,   „     I Adi\ fco.fi exp |j — j 

^-«inSexp jAii  

sin* exp -;Ad z 

cosfiexp(-./AriX/2) 
I6a) 

Sl: ■ txpijäL) 

fcosH exp j; 
AJM 

I sin« exp -;A»i 

- sin«exp l/Ad z\\ 

a*Htxp(-j±3L/2) 
(6b) 

where d ■ (ßt + dv)/2 and Al3 « J, - tfv. The pa- 
rameter 0 is the angle through which the input state of 
polarization is rotated by the fiber. 

In general in a length of optical fiber there exist many 
points where the two polarization modes are coupled. 
The Jones matrices for this general fiber can be ob- 
tained by dividing the fiber into lengths which contain 
only one point of coupling, then taking the matrix 
product of the Jones matrices of each section. These 
matrices have the general form of those in Eq. (6). 
These general matrices can be written 

—    Chi««*Is Coifpln   centering 
Coeffic'tflti 

Fig. 1.    Four-port linear system model of a single-mode fiber.  The 
ports are x \, 12, >'i, vj corresponding to linear polarizations.   The 
channels between the ports are shown schematically along with their 

complex scattering coefficients. 

fl« 
fly 

-i2 

-r2 

Z^O I'Z Z»L 

Fig. 2.    Model of a single-mode fiber in which the two polarization 
modes are coupled at a point Z and are uncoupled at all other 

points. 

_       / cosfl(L) expf/£(L)/2]     sinö(L) exp(-;«(L)/2|\ 
,2 - exp[/«(   )J [_sm#(L) txpy<p(L)/2]   «»«(LI exp(-;{(L)/2]| ' 

(7a) 

_       /cos/*(L)expl/£a)/2|     -sinfili,) exp{j<t>(L)/2\\ 
Sj, - exp[/«<   )| [sJnWL> exp|_y0(Z.)/2]   cosfi(L) exp|-/{(X)/2|i ' 

(7b) 

In these equations 0 is the average phase shift along the 
fiber, £ represents the change in ellipticity of the input 
state of polarization. 0 is the total polarization rotation, 
and 0 represents the reciprocal phase shift of the fiber 
(which can mask the Sagnac phase shift in a fiber optic 
rotation sensor). All the parameters in Eqs. (7) depend 
on the length of the fiber. 

If the fiber is used in the sensing loop of a fiber gy- 
roscope, the Jones matrices in Eqs. (7) are modified as 
follows to allow for the Sagnac rotationally induced 
phase shift 0,. 

S|j ■ expu»./2)Si2. 

S„ "exp(-;o,/2)S2,. 

(8a) 

(Sb) 

C.    Jones Matrix Representations of Polarizers Beam 
Sputters, and Gyroscopes 

The remaining components of a basic fiber gyroscope 
are beam splitters and a polarizer. These components 
will be assumed ideal, since the major focus of this pa^er 
is the effect of the state and degree of polarization of the 
fiber sensing loop. The Jones matrix representations 
for ideal polarizers orientated to pass the x linear po- 
larization and the y linear polarization are 

P. 

P, 

1   0 

io  0, 

n 
(9a) 

(9bl 

The beam splitter is represented t y two Jones matrices, 
one for transmission and one for reflection: 

15 May 1982 / Vol. 21. No. 10 / APPUED OPTICS 1753 



/ = VoCOS-Wl -COS0J. (13) 

Fig. 3.    Schematic of 'he fiber optic rotation sensor, which is 
analyzed. 

».IV »4U  SMFT   :uoi   I 

•"ig. 4.    Normalized intensity vs Sagnac phase siiift for polarized 
input.   The polarizer passes the input polarization.   The parameter 

tf islalO, (b).'iO. (c) 60. 

expl,/ir/4) 11    0' 

v2      \0    1 

exp(-j7r/4)[l    0' 

v2       \0    1 
R 

(10a) 

110b) 

The Jones matrix which describes the rotation sensor 
can be expressed in terms of the Jones matrices of the 
components as given in Eqs. (7), (8), (9), and (10). 
Figure 3 shows the schematic for the rotation sensor 
which will be used in the following analysis. This 
rotation sensor is reciprocal only if the beam splitter is 
ideal." The Jones matrix G of the fiber optic gyroscope 
is 

fi   -   Pl[R$y,R  +   rS;,n, 111) 

where P, represents either Px or Pv in cases where a 
polarizer is needed. 

0.    Analysis of Specific Cases 

/.    Cupolarized 
In the first case to be analyzed the laser is linearly 

polarized along the x axis, and the polarizer is orientated 
to pass the x linear polarization. The coherence matrix 
of the input light is 

),n 

l   I»' 

.0    0, 
l!2) 

Using the coherence matrix given above in Eq. (12) with 
the Jones matrix Ci given by Eq. Ill), the normalized 
detected intensity is 

This intensity depends on the Sagnac phase shift <t>s and 
the fiber birefringent parameter 6, which describes the 
rotation of the state of polarization by the fiber. If 6 is 
90°, the detected intensity is zero. Figure 4 shows 
computer plots of Eq. (13). The curves are parame- 
trized by 6. This set of curves shows that this mode of 
operation is reciprocal by exhibiting no translation of 
the curves along the </>s axis as the birefringent param- 
eters are varied. Also note in Fig. 4 that the zero min- 
ima of all the curves are at zero, while the maxima of the 
curves vary with 6. 

The sensitivity to rotation of the fiber optic gyroscope 
shown in Fig. 3 is zero at rest, and a nonreciprocal phase 
bias element must be included in the optical sensing 
loop to move the operating point at rest to a point of 
maximum sensitivity. The value of this nonreciprt csl 
phase bias is an odd multiple of ir/2 rad. The operating 
point shown in Fig. 4 by the dashed line is of most in- 
terest. When the rotation sensor is at rest, the detected 
intensity varies with the fiber birefringent parameter, 
H, which again is a function of the environment. This 
intensity variation represents an error which must be 
dealt with. Techniques for this are polarization 
maintaining fibers, electronic polarization control, or 
certain types of modulation. 

2.    Cross-Polarized 
The next case to be considered has the polarizer or- 

ientated to pass the Y linear polarization. The source 
is still linearly polarized along the x axis with coherence 
matrix as given in Eq. (12). Using Eqs. (3) and (11) now 
results in the following form for the normalized detected 
intensity: 

/ (14) "2sin-#|l f cos!«, + 0|| 

The detected intensity now also depends on the fiber 
induced reciprocal birefringent dependent phase shift 
</>. Figure 5 shows plots of Eq. (14) in which the curves 
are parametrized by H and 0. This mode of operation 
is nonreciprocal. This is seen in Fig. 5 where the curves 
exhibit translation along the 0, axis as the reciprocal 
birefringent dependent phase shift 0 is varied.   This 

•MWU.'ID 

^ ■*   i    MML »«tit  \*\f    »«»• 

Pig. r>.    Normalized intensitv vs Sagnac phase shift for polarized 
input.   The polarizer rejects the input polarization.  The parameter« 

i) and 0 are (ai (90.1801, tb) (60.90), (c) CU),45). 
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SMMC »MSE SHIFT  (MCI I 

Fig. 6.   Normalized intensity vs Sagnac phase shift for polarized 
input.   No polarizer is used.   The parameters H and </> are (a) (0.0), 

(b) (30.45), (c) (60.90). 

SMMC PWS1 »I(T IUDI • 

Fig. 7.   Normalized intensity vs Sagnac phase shift for completely 
unpolarized input.   No polarizer is used.  The parameters t) and <t> 

are (a) (0.0). (b) (30.45). (c) (60.90). 

MtU MUT (•»»)•, 

Fig. 8.    Normalized intensity vs Sagnac phase shift for partially 
polarized input.   No polarizer is used.  The parameters H and <t> are 

(45.90)   The degree of polarization is (a) 1. lb) 0.5. iclO. 

fiber induced reciprocal birefringent dependent phase 
shift is indistinguishable from the rotation induced 
phase shift. The minima of the curves are fixed at zero 
again, while the maxima again depend on the environ- 
ment through 0, the state of polarization rotation pa- 
rameter. 

3.    No Polarizer 
The last case to be considered for completely polar- 

ized input light is that in which no polarizer is used 
before the detector. The input light is still linearly 
polarized along the x axis as before. In this case it is 
apparent that the normalized detected intensity is the 
sum of the detected intensities for the cases in which the 
polarizer is orientated along the x and y axes [Eqs. (13) 
and (14)]: 

/ = V2|l - cos2fl cos«, + sin20 cost*. + 0)]. (15) 

The detected intensity again depends on 0, the rotation 
of the state of polarization, and on <p, the fiber induced 
reciprocal birefringent dependent phase shift. From 
the form of Eq. (15) it can be seen that the average value 
of the detected intensity is independent of 0 and <t>. 
This is shown in Fig. 6, which shows plots of Eq. (15) for 
various values of 6 and <t>. The maxima and minima of 
the curves expand or contract about the average value 
of the detected intensity. This mode of operation is also 
nonreciprocal as evidenced by the translation of the 
curves along the 4>s axis. The independence of the av- 
erage value of the detected intensity is due solely to the 
lack of a polarizer before the detector. This property 
will be quite useful in the next case examined. 

4.    Unpolarized 
Let the light source in Fig. 3 be unpolarized. 

coherence matrix of this light wave is given as 

[1/2 
l0 

0 

1/2, 

The 

(16) 

Using this coherence matrix in Eq. (3) with the Jones 
matrix of the rotation sensor given by Eq. (11), the 
normalized detected intensity is found to be 

/ » Vail - (cos2» - sin:0 cos«) cos«,) (17) 

The detected intensity again depends on 6 and <t>. The 
average value of the detected intensity is again constant 
due to the absence of a polarizer. Figure 7 shows plots 
of Eq. (17). The curves are parametrized by the bire- 
fringent parameters 8 and <*>. This mode of operation 
is reciprocal because the curves do not translate along 
the <*>, axis with changing values of Ö and <t>. Physically 
part of the nonreciprocity is eliminated due to the in- 
coherence of the two polarizations. The remaining 
nonreciprocity is exactly canceled when the two or- 
thogonal polarizations add in the photodetector. No- 
tice the behavior of the curves when the Sagnac phase 
shift is an odd multiple of ir/2. The detected intensities 
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at these points are independent of the fiber birefrin- 
gence. The sensitivity to rotation at these points is also 
a maximum. If the rotation sensor in Fig. 3 were biased 
to one of these points at rest, the detected intensity at 
rest would be independent of changing birefringence in 
the fiber. The rotation sensor would be stable at rest. 
The scale factor would still depend on the fiber bire- 
fringence. Other methods must be used to stabilize 
it. 

5.    Partially Polarized 
In general optical components have some degree of 

polarization selectivity, and most light sources have a 
small nonzero degree of polarization. The terms in the 
coherence matrix are infinite time averages of the 
products of the phasors of the electric field. When 
these terms are measured with a detector with a finite 
integration time, a nonzero degree of polarization may 
be obtained for an unpolarized source. Because of these 
observations the performance of the fiber optic rotation 
sensor in Fig. 3 must be examined for partially polarized 
light. 

Equation (18) shows the coherence matrix for a light 
wave with degree of polarization P along the x axis: 

•Jin 
/(V2)(l +P) 0 

(18) 

This light wave can be expressed as a sum on an in- 
tensity basis of a completely polarized light wave and 
a completely unpolarized light wave: 

/(VzMl-P) 0 
■im' 

P    0' 

0    0, (VsHl-P) 
(19) 

The normalized detected intensity of the rotation sensor 
shown in Fig. 3, using a light source with the above co- 
herence matrix, is the weighted sum on an intensity 
basis of the detected intensities for polarized and un- 
polarized inputs (Eqs. (15) and (17)]. The normalized 
detected intensity is 

/ * Vy>( 1 - lcos-fl - sinJ0 cos«) cos«,| 

- PI'i sin-fl sin* sin«,. 120) 

The detected intensity now depends on 0, <i>, and P, the 
degree of polarization. In Fig. 8 plots of Eq. (20) are 
shown for various values 0,</>, and P. From this figure 
it is seen that this mode of operation is nonreciprocal 
by an amount proportional to the degree of polarization. 
If the nonreciprocity can be made small enough, this 
mode of operation can be used in a practical rotation 
sensor. The degree of polarization is approximately 
equal to the minimum detectable phase shift. 

III.    Experimental Evidence 

The rotation sensor shown in Fig. 3 was constructed 
on a rotating table. The sensing loop was formed from 
600 m of ITT single-mode fiber wound about an area of 
1 m2 with 150 turns. A randomly polarized 1-mVV 
He-Ne laser was used as an unpolarized source. The 
degree of polarization was measured as ö^r.  This laser 

Pig. 9.    Measured intensity vs Sagnac phase shift using polarized 
input light with polarizer passing the input polarization for different 

hirefringent conditions in the fiber. 

Fig. 10.   Measured intensity vs Sagnac phase shift using polarized 
input light with polarizer rejecting the input polarization for different 

hirefringent conditions in the fiber. 

Fig. II.    Measured intensity vs Sagnac phase shift using polarized 
input light with no polarizer tor different hirefringent conditions in 

the liber. 
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Fig. 12.    Measured intensity vs Sagnac phase shift using input light of 5% 
degree of polarization for different birefringent conditions in the fiber. 

emitted at a wavelength of 632.8 nm. A second 50-mW 
laser was used to give polarized light at the same 
wavelength. A piate-type beam splitter was used to 
split and recombine the light waves. 

A photomultiplier tube was used to detect a portion 
of the spatial fringe pattern of the recombined light 
waves. The photomultiplier output was displayed on 
the vertical channel of a storage monitor. The rotating 
table has rotation rate transducers which give a voltage 
proportional to the rotation rate. This voltage was 
displayed on the horizontal axis of the storage monitor. 
As the rotation rate was swept through an appropriate 
range, an electrical fringe pattern of detected intensity 
vs Sagnac phase shift was traced on the storage monitor. 
This measured response curve was taken for various 
birefringent parameters and compared with the theo- 
retical response curves calculated previously. The bi- 
refringence of the fiber was mechanically changed by 
twisting and bending the fiber. 

Figures 9, 10, and 11 show the measured detected 
intensity vs Sagnac phase shift for polarized input light 
with an output polarizer passing the input polarization, 
an output polarizer rejecting the input polarization, and 
no polarizer, respectively. Comparing Figs. 9,10, and 
11 with the theoretical plots in Figs. 4, 5, and 6, re- 
spectively, it is seen that experimental and theoretical 
curves agree very well. The main difference between 
the two sets of figures is the reduced fringe visibility of 
the measured electrical fringes. This is due to uneven 
power flow around the loop in opposite directions, which 
is caused by the beam splitter having a 60:40 power 
splitting ratio. A less obvious difference is the small 
variation of the mean of the electrical fringes in Fig. 11, 
This variation is attributed to laser power fluctuations 
and fluctuations of the coupling of the spatial beam into 
the fiber. 

Figure 12 shows the electrical fringes for nearly un- 
polarized input light (P = 5%) when no polarizer is used. 
Comparison of this figure with Fig. 7 shows that theory 
and experiment are in good agreement again. The 
differences are again caused by the same factors as 
above. 

IV.    Conclusions 

We have developed a formalism which describes the 
birefringence of an optical fiber and the effect of the 
birefringence on the performance of fiber optic sensors. 
This formalism was checked by measurements made on 
a single-pass cw fiber optic rotation sensor. It was 
shown that unpolarized input light leads to reciprocal 
operation of the rotation sensor. It was also shown that 
by using unpolarized input light, the rotation sensor 
could be made stable (independent of reciprocal fiber 
birefringence changes) at rest if a suitable nonreciprocal 
phase shift (odd multiples of x/2 rad) was applied to the 
loop. 
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Optical fibers are of great potential importance for sensor systems, 

oecause they are environmentally sensitive and because chey can be used in 

interferometers for measurement of very small phase shifts.  Fiber gyro- 

scopes. Like their predecessors ehe ring laser gyros, are based on ehe 

12 
Sagnac errect, ' whereby light traveling around a closed path experiences 

a phase shift proportional co ehe rotation race in inertial space.  The de- 

fected phase shift represents an optical path difference that nay be less 

than one thousandth of an angstrom in length. 

The emergence of the fiber ring interferometer as a practical alter- 

native to existing rotation sensors began with tne development of very low- 

Loss optical fibers.  It was soon recognized that such fiber rotation sensors 

naa the potential to rival the sensitivity of ring Laser gyros, and ultimately 

that of the best mechanical gyros.  However, early attempts to observe the 

iagnac effect in fiber interferometers «ere disappointing because of parasitic 

propagation pnencmena ana because of Limitations in the aeasurement of pnase. 

In :ne oast raw /ears, many of these Limiting affects nave been identi- 

:iea ana great!'.* reaucea by improving the construction of zhe   interferometer 

ma tne treatment of tne oocical signal.  These improvements include optical 

-»-•3 3,7 
rsciorocitv -itn polarization tontroi,   synchronous detection,   ana re- 

:uction of tne arror :ue to :onerent P-avidign oac/.scattarmg. '" 

The leve^ocnent of single ^oae fiber :omDonentj for taniouiacmg :ne 

^ui.-ea :oticzi signals -as ä oruciai stac :owar: ;raater sensitivity.  A 

■ - - ——- 
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low-Loss directional coupLer  and polarizer  were demonscracaa.  : ioer 

devices analogous co bulk recardacion places were developed in ehe form 

of adjustable polarization controllers which make use of the birefringence 

induced by fiber bends.   Phase modulation was accomplished by wrapping 

13 
curns of fiber around voltage driven PZT expanders. 

These components have made possible a rotation sensor in which the 

optical signals remain guided in a single mode along the entire path in an 

unoroken fiber.  Perhaps the greatest advantage of such a system is its 

very Low Loss - a parameter of prime importance since the sensitivity is 

now approaching the quantum detection Limit.  Besides a substantial reduc- 

cion of Loss, ehe absence of bulk optical components and joints eliminates 

severe alignment problems as well as unwanted back reflections. 

An all-fiber rotation sensor has been constructed in which all compo- 

nents are fabricated directly on a single 580 meter length of single mode 

fiber wound on a 7 cm radius (Fig. 1).  The response for a rotation of j de- 

crees/hour is shown in rig. 2 and indicates a noise equivalent rotation race 

or Less Chan one hundredth of ehe rocation rate of ehe earth. 

L4 
As chese and other recently reported results   indicate, fiber gyro 

sensitivity has rapidly progressed co ehe point wnere it is within an order 

)f magnitude sc c.nac ii   ehe ring Laser gyro.  Ic is expected chat ehe use 

jr in jpcicax Lsoiucor to procacc ehe Lignt source, ene use or polarization 

ore^erving fiber, ana :ne use of Longer fibers will improve ehe sensitivity 

men further. 

An   integrating   rate  ^yro.   using  a  puisea   reentrant  moae   it   operation, 

-.as   i-L-jo   ^een   iemonscratau     rig.   -• '     Two   joticai   puises.   vnic.n   lountarsro- 

pagace   irruna   er.e   sensing   -ooo  r.anv   :imes,   ire  nondestructive!'/   samDiea 

iiear  -;acn  transit.      The  -sweiope   :r   ene   resulting   pulse  cram   ic   ene  aecactor 

    - ,,      ,,        ,   , JU aiUL^ 
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is sinusoidal, with ehe frequency or the sinusoid being proportional to the 

angular velocity. 

Fiber gyros are relatively simple instruments; compact, light weight 

and rugged, requiring little maintenance, and featuring strapdown mounting 

and rapid turn-on.  Presently, they have the sensitivity required for a 

variety of navigational sensing tasks in the area of guidance, control and 

navigation.  Linearity and stability of the scale factor, and dynamic range, 

are further items of importance for practical applications, and work is in 

progress in these areas.  If the rate of advancement in sensitivity is any 

indication of future progress, the optical fiber rotation sensor will emerge 

as the instrument of choice for inertial navigation in the not too distant 

future. 

This work was supported by the Air Force Office of Scientific Research 

under Contract F49620-30-C-0040 and the Atlantic Richfield Company. 
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TECHNICAL REPORT (EXCERPT) Edward L. Ginzton Laboratory Report No. 3551 

FIBER OPTIC ROTATION SENSORS 

ALTERNATE CONFIGURATIONS AND MODES OF OPERATION 

George Attila Pavlath, Ph.D. 
Stanford University, 1982 

This is a theoretical and experimental study of rotation sensors 

which utilize the Sagnac effect in ring interferometers fabricated from 

optical fibers. 

The effects of fiber birefringence and polarization of light on the 

performance of such sensors are of great importance and these effects 

have been investigated using a mathematical formalism particularly suited 

for treating these properties. This formalism has been applied to a 

variety of polarization conditions and to various kinds of phase mod- 

ulation techniques. The predictions of this formalism are compared with 

experiment in certain cases and are found to be in good qualitative 

agreement. 

Based on these results, a new type of phase modulated rotation 

sensor which uses two modulation frequencies is proposed to overcome 

some of the problems characteristic of some kinds of operation. 

The principles of operation of reentrant pulsed fiber rotation 

sensors have also been examined. This is the case where a single pulse 

circulates around the fiber many times. Considerations of system opti- 

mization for various cases are treated and presented. 

Experimental results obtained with with two types of such reentrant 

rotation sensors are presented and discussed.  Mathematical  formulas 

^ 



have also been derived for the rotation rate error in single pass and 

reentrant rotation sensors in terms of the uncertainties in the system 

parameters due to noise. In the case of reentrant rotation sensors, 

several mathematical algorithms for processing the signal have been 

treated. Computer calculations have been made on the rotation error as 

a function of the rotation rate and the number of recirculations, for a 

passive reentrant rotation sensor which uses a cycle counting detection 

algorithm. The rotation rate error as a function of recirculations and 

also for low rotation rates has been calculated and proposals have been 

made for reducing these errors. The theory should also be capable of 

treating other conditions of operation for a rotation sensor. 
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c I.  INTRODUCTION. 

r 

Navigation can be defined as a method of guiding an object or person 

between two points. The navigational problem has three components. First, 

the   oresent   IriMti.on   rhar,   t-Ko   ji„n~ + -i~-    --J   ^rMi:i   ;_j    ilLii   jöb tiudtiutt 

must be determined, and finally, the required direction must be set and 

maintained. The second component of this problem depends on the geometry 

of the space containing the two points and on the coordinate system 

used.   It will be  not  be discussed  in  this  paper. 

Determining present location and direction can be accomplished with 

or without reference to external objects. Location can be determined from 

landmarks, stars, or radiosignals. Direction can be determined from land- 

marks, stars, or the earth's magnetic field. These are examples of the 

use  of  external references. 

The process of not using external references is called deadreckoning 

or inertial navigation. This process requires that an initial position and 

direction be known. The present position is then obtained by integrating 

the velocity vector to obtain the position change with respect to the 

initial position. Until quite recently, this has been typically achieved 

by using acceleroraeters, mechanical gyroscopes and atomic clocks. Mechan- 

ical gyroscopes, which depend on the principle of conservation of angular 

momentum, are required for the determination of both the position change 

and the present direction. The highest quality mechanical gyroscopes 

achieve rotation sensitivities of 10"*- to 10~-> degrees/hour. They,however, 

require much maintainance  to function  properly. 

I^^M mm 
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In 1913, a French scientist, Sagnac, published a paper(l) demon- 

strating the first optical rotation sensor. The rotation sensor operates 

because of a rotation induced phase shift (Sagnac phase shift) between 

lightwaves which counterpropagate around a closed optical path. Chapter II 

of this paper deals with the Sagnac effect. This original rotation sensor 

had poor sensitivity and remained a laboratory curiosity until quite 

recently. 

In the late 1960's, the ring laser gyroscope was first demonstrated. 

This is an optical rotation sensor which uses the Sagnac effect in a 

slightly altered way. A rotation dependent frequency difference between 

light waves which counterpropagate around an active closed optical path 

is used instead of a phase shift. The early laser gyroscopes suffered 

from the phenomenon known as lock-in where the frequency difference 

between the counterpropagating light waves goes to zero when the rotation 

rate drops below some threshold value and no rotation rate information 

is available. Since, in practice this region is quite wide, the ring 

laser in its basic form is not useful as a rotation sensor. 

Much time and money have been invested in understanding and overcoming 

the problem of lock-in. iTie locking is due to coupling of the waves by 

backscattered radiation, mostly from the mirrors which fom the closed 

cavity. The solution to this problem is to use better mirrors and a dith- 

ering technique which keeps the gyroscope outside of the lock-in region. 

Currently, mechanical dithering is used in production gyroscopes, although 

The term "gyroscope" is commonly used in discussing Sagnac rotation 

sensors, I.e. ring lasers, fiber loop sensors, etc. This is strictly 

speaking a misnomer, but is a convenient term. I shall follow standard 

practice and use it also. 

..—.■— _■■..-..■ .... 
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magnetic and optical dithering have been used in laboratory models. The 

stability of the dither can be a limiting factor in the rotation sensi- 

tivity of laser gyroscopes, which is equal to that of mechanical gyro- 

scopes. 

Due to the problems of lock-in and the problems associated with the 

stability of the dither, attention has again turned to the Sagnac (external 

signal) type of rotation sensor. Two technological developments were 

crucial: the low loss optical fiber and the laser. The availability of 

low loss fiber in long lengths in the mid 1970's, allowed the fabri- 

cation of closed optical loops with a large multiplicity of turns. The 

Sagnac phase shift increases in proportion to the number of turns. Thus 

phase shifts whi:.h were 2 to 3 orders of magnitude larger than those in 

Sagnac's original sensor, could be obtained for a given rotation rate. 

The laser provided a light source of high intensity which could effi- 

ciently ( 90% ) be coupled into the fiber. Thus small rotation rates 

could be measured more easily than in the Sagnac experiment. 

As in the development of eny device, unforeseen problem arose which 

had to be overcome to make the device practical. Two major sources of 

problems are the birefringence in the optical fiber and backscattered 

radiation. These problem;: can limit the rotation sensitivity of the 

fiber optic rotation sensor. 

In Chapter III, a mathematical formalism is presented which models 

the birefringence of the optical fiber, the polarization properties of 

light, and their effect on fiber optic rotation sensors. In Chapter IV, 

this formalism is applied to single pass, CW, fiber optic rotation sensors. 

v 
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The predictions of this formalism are compared qualitatively with experi- 

ment for unmodulated rotation sensors. The agreement is good. The forma- 

lism is then used to examine phase modulated rotation sensors. A new type 

of phase modulated rotation sensor, using two modulation frequencies, is 

proposed. Its behavior under various conditions is studied. 

Chapter V covers passive reentrant, pulsed fiber optic rotation 

sensors. The pri iciples of operation, the effects of optical fiber bire- 

fringence, and design considerations and tradeoffs are discussed. Experi- 

mental work on two such rotation sensors, a hybrid system containing 

bulk optical components and fiber optics, and an all fiber system is 

described and compared with theory. The results indicate that the only 

practical implementation of this configuration of rotation sensor is an 

all fiber optic version. 

In Chapter VI, the effects of noise on fiber optic rotation sensors 

are considered. Formulas are developed which relate the uncertainty in 

the measured rotation rate to the uncertainties in the parameters of the 

rotation sensor for both single pass and reentrant rotation sensors. The 

uncertainties in the rotation sensor parameters, due to noise, are quanti- 

fied. This method is applied to a passive reentrant rotation sensor 

which uses a cycle counting detection algorithm to study the uncertainty 

in the measured rotation rate as a function of th' rotation rate and the 

number of racirculations. It is found that the rotation rate accuracy 

does not increase beyond some number of recirculations because of the 

exponentially decreasing signal to noise ratio. The rotation rate accuracy 



decreases between counts because of the digitization process and at low 

rotation rates due to the low signal to noise ratio. Methods for reducing 

these errors are discussed. 

An active (amplifier in fiber loop).reentrant pulsed fiber optic rota- 

Lioa itiicoi j.a üÄciiuiueiü ia UitipLer vii. me perrurraance or tne rotation 

sensor is calculated in the presence of amplifier noise, incoherent 

backscattering, and amplifier non-reciprocities. System tradeoffs are 

considered  and  numerical predictions  are made. 

It is hoped that the reader will develop an appreciation for the depth 

and  diversity of  fiber  optic  rotation  sensors. 

c 
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Avionics 

Work Progresses on Fiber Optic Gyro 

■m 

j& 

Ey Philip J. Klass 

Cambridge, Mass.—Encouraging progress 
during the past year in understanding the 
complex optical physics effects of the fiber 
optic gyro was reported here at a confer- 
_.-.. --.-..- -.--.-.J       U*<       **,*-       fc*«.*<...«k..(>,»*♦<• 

Institute of Technology's Research Labo- 
ratory of Electronics. 

Despite progress, however, the sensor is 
not likely to be in operational military 
systems use until late in this decade, judg- 
ing from the present state of the art and 
problems yet to be resolved (AW&ST Oct. 
19, p. 55). 

The more than 150 persons attending 
included many U.S. and European gyro 
manufacturers who were anxious to assess 
the current status and future prospects of 
the new sensor as a potential competitor 
both to ring-laser gyros and to more con- 
ventional spinning-wheel gyros. 

Drift Rates Compared 

Some experimental fiber optic gyros, 
much too large and fragile for avionic 
applications, have exhibited drift rates 
approaching 0.1 deg./hr., while compact, 
more rugged units, whose size is suitable 
for military use, exhibit drift rates of 
50-100 deg./hr. 

By comparison, current laser gyros typi- 
cally exhibit drift rates of less than 0.01 

deg./hr., permitting an aircraft inertial 
navigation system with accuracies better 
than 1 naut. mi. per flight hour. 

The initial market for fiber optic gyros 
f*! "yr>>*ct?<\ to he in «horter-ranpe tactical 
missiles, where drift rates of a few degrees 
per hour are acceptable. 

But the new type of sensor will face 
competition for this market both from 
laser gyros and from more conventional 
types that use low-cost, molded-plastic 
components—a technology developed by 
Draper Laboratory, Cambridge, Mass., 
under USAF Avionics Laboratory spon- 
sorship. 

Potential advantages of a fiber optic 
gyro over its competitors include small 
size, ruggedness and the prospect of mod- 
est cost if it can be mass-produced using 
semiautomated techniques transplanted 
from microelectronics fabrication proce- 
dures. 

The objective of an ambitious fiber 
optic gyro effort under way at France's 
Thomson-CSF is a three-gyro (three-axis) 
sensor, with 1 deg./hr. performance, in a 
4-in. cube, at a price of S3.000-6.000, 
according to H. J. Arditty, who directs the 
effort in corporate research laboratories. 

Ironically, most of the current leaders in 
the fiber optic field are companies and 

General Electric Wins Computer Award 
San Francisco—National Aeronautics and Space Administration has selected General 
Electric Co.'s Space Systems Div. as integration support services contractor for the 
proposed numerical aerodynamic simulator, a specialized computer that would be 
installed at Ames Research Center for advanced research in three-dimensional fluid 
flow. The contract will be on a cost-plus-award-fse basis, with a proposed estimated 
value of $6.7 million for the basic 28-month performance period and a first 12-month 
option period. ' '■ 

Since the required support services are highly dependant on the computer develop- 
ment and construction plan, NASA will not complete negotiations >nd sign a contract 
with General Electric until arter it has chosen the computer Phase C/D contractor. 
Competing Phase C/D proposals, from Burroughs Corp. and Control Data Corp., are 
due early In 1882, and NASA expects to select the winne» next summer. 

General Electrics role as integration s pport services contractor will be to assist 
NASA In program management and project control; perform independent verification 
and validation of the processing system, and render required support to test and 
Integration, facility design and construction, and initial operations activities. The 
present plan contemplates a peak requirement tor 28-29 people, but this number may 
change according to Phase C/D proposals. 

The proposed computer could be 40 times as fast and have 60 times the memory 
capacity of the current generation of computers (AW*ST Sept. '   .>80, p. 52). 

Tho numerical simulator was removed from the Fiscal 1982 uudget in accordance 
with the Administration ban on NASA new stc.rU this year (AWSST Feb. 23. p. 18). but 
the program is being supported at a low level from the aeronautical research and 
technology base. 

General Electric was selected for the support role In competition with Computer 
Sciences Corp. o» Mountain View. Calif., and Hughos Aircraft Co. of Culver City. 
Calif. 
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laboratories not now engaged in the manu- 
facture of more conventional gyros. These 
include companies such as Martin Mariet- 
ta/Orlando, McDonnell Douglas/Astro- 
nautics. West Germany's AEG-Telefunk- 
en and Thomson-CSF. However, more 
traditional gyro suppliers also are investi- 
gating the new technology. 

These include such U. S. companies as 
Honeywell, Rockwell International and 
Lear Siegler, whose scientists presented 
papers here, as well as Germany's Teldix, 
which also presented a paper. 

There is widespread activity in ' • *rsi- 
ties around the globe. In the re- 
search is centered at Stanford ... crsity, 
a recognized pioneer in the field, and the 
Massachusetts Institute of Technology. 

Foreign universities include Britain's 
University of Southampton, West Germa- 
ny's Technical University of Hamburg, 
Italy's University of Pavia, the University 
of Tokyo and Tsinghua University in the 
People's Republic of China. 

On the surface, this global interest by 
companies and universities with no pre- 
vious interest in gyros seems surprising — 
especially considering the modest near- 
term market for such sensors. 

One reason is that the fiber optic gyro 
poses one of the most difficult challenges 
in the entire field of fiber optics. 

Thus the technology developed for this 
device is certain to have a large payoff 
later for more demanding applications in 
telecommunications, such as greatly in- 
creased bandwidth (AW&ST Oct. 12, 
p. 44). 

Worldwide Activity 

This explains, at least partially, the 
motivation behind the efforts under way in 
the research laboratories of AEG-Tele- 
funken and Thomson-CSF, as well as 
West Germany's Siemens and Britain's 
Standard Telephone Laboratories. 

The great variety of designs and con- 
cepts reported here served to emphasize 
the broad spectrum of different technical 
approaches that can be employed for a 
fiber optic gyro. 

All of them arc adaptations of the Sag- 
nac interferometer, first demonstrated 
nearly 70 years ago. The basic concept is 
that light from a single source, typically a 
lese:, is split and one-half is injected into a 
coil of optical fiber and circulates in a 
clockwise direction while the other half is 
injected at the opposite end and circulates 
in the opposite direction. 

If the coil of optical fiber is stationary, 
when the light beams emerging from 
opposite ends are compared, they should 

Aviation WM» t Spac* Tact-nology. Orcmber 7. 1981 



have the same phase since both traveled 
the Jume distance through a common 
medium. 

When the fiber optic coil is rotated 
about an axis at the center of the coil, 
there will be a change in the relative phase 
of the beams emerging from the two ends. 
The amplitude of the phase shift will be 
proportional to the coil's angular velocity 
and the direction of the phase shift will 
indicate the direction of rotation. 

When the fiber optic gyro was first 
demonstrated five years ago by two Uni- 
versitv of Utah scientists, it seemed to 
offer a number ot attractive advantages 
over the laser gyro. 

The sensitivity and accuracy of a con- 
ventional laser gyro vaiies directly with 
the area enclosed by its contrarotating 
laser beams, so that a small device can be 
obtained only at the price of decreased 
accuracy. 

Number of Turns 
With some —but not all —types of fiber 

optic gyros, the accuracy/sensitivity in- 
creases as a function of the number of 
turns of fiber in the sensing coil, in addi- 
tion to being a function of the area 
enclosed by the coil. 

Because optical fibers can be made in 
very small diameters, a sensor containing 
many turns for increased accuracy can be 
fabricated in a relatively small volume for 
overall sensor compactness. 

The fiber optic gyro also has shown 
promise to overcome a problem encoun- 
tered by the laser gyro because the optical 
path of its contrarotating beams also func- 
tions as the cavity in which the lasing 
action occurs. 

This leads to an unwanted interaction 
between the contrarotating beams, known 
as "mode locking," which makes the laser 
gyro insensitive at very small angular rates 
unless corrective design measures are 
taken. 

To overcome this mode-locking prob- 
lem, Honeywell, Litton Industries and 
Singer Kearfott oscillate the entire gyro 
through a very small angle at several 
hundred oscillations per second —known 
as "dither." 

The liber optic gyro does not encounter 
this problem because it uses an external 
laser, such as a light-emitting diode type, 
and the optic fiber serves only as a trans- 
mission medium. But when attempts were 
made to fabricate fiber optic gyros with 
usable accuracies, "we discovered that this 
seemingly simple device had a host of its 
own challenging problems, about which 
little was known," one scientist said. 

Tor gyro applications, single-mode fi- 
bers usually are employed and light 
injected into the ends of the fiber coil 
usually is linearly polari/ed, i. c, hori.'on- 
tulK or vertically 

As the light travels through the coil, it 
does not retain its initial polarization. Kor 
example, a vertically polari/ed beam will 
become horizontally polarized, then revert 

- 'J'J- J.'V.'Ä->.-*;rn.-,*-^-*5i- iff'■   ". 

Army''* Aquiia RPV in Launch and Retrieval Tests 
Launch and retrieval of the Army/Lockheed Aquiia remotely piloted vehicle (RPV) is 
demonstrated in this sequence photographed during tests at Lockheed Missile and Space 
Co.'s Sunnyvale. Calif., taclity (AWIST Jan. 7, 1980. cover and p. 54). The test vehicle was 
unpowereO as it was hurled about 30 ft trom the launcher into the retnaval net Flight tests ot 
the Aquil?.. resigned tor reconnaissance and target-designating missions over the forward 
battle area, are scheduled to begin next year in Ft Huachuca. Ar«. The snitial contract covers 
22 vehicles, which can send back live television pictures ol the disposition of enemy vehicles 
and troops and then act as a laser-designator <or artillery or air strikes Aquiia is designed to 
stay aloft more than 3 hr at a speed ol no H. and altitude up to 12.000 ft It can fly a 
programed route or be controlled from the ground 
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back to vertical, then back to horizontal, a 
phenomenon called "birefringence." 

Because vertically polarized waves trav- 
el at a slightly different velocity from 
those that are horizontally polarized, this 
polarization contamination creates an un- 
certainty, or "noise," in making the 
required phase comparison measure- 
ments. 

According to E. C. Kintner of Draper 
Laboratory, "Polarization-induced drift is 
a serious problem." A 20-db. improvement 

r = .-- j 

achieve a 10-fold improvement in sensor 
performance, he said. 

Output Efficiency 

Another challenging problem is to cou- 
ple efficiently the output from an external 
laser into a single-mode optical fiber coil 
whose inner diameter (transmission medi- 
um) typically is only a few microns. Light 
reflected into the laser can degrade its 
spectral purity, creating additional noise 
within the sensor. 

A great deal of interest here focused on 
techniques for improving the polariz." .ion 
stability of single-mode fibers, i. e., a^niev- 
ing very low birefringence. 

One approach is to make the fiber core 
elliptical instead of round, a technique 
being explored by Andrew Corp., which 
expects soon to offer samples of the new 
fiber, according to tb; company's R. B. 
Dyott. The elliptical core measures 1 X 
2.5 microns. 

One significant disadvantage, however, 
is that propagation losses run quite high, 
around 40 db./km. Dyott said the loss 
appears to be "very dependent on the 
drawing tension during manufacture," and 
he expressed hope that the attenuation 
could be reduced. 

Another technique is to use the cladding 
material which encapsulates a circular 
core lo apply a stress that introduces a 
controlled strain. Japan's Hitachi recently 
made significant advances in such polar- 
ization-stable fibers, according to Ivan 
Kaminow of Bell Laboratories. 

Still another approach to easing the 
problem, which involves twisting the opti- 
cal fibers, was described by Ferdinand 
Gauthier of Thomson-CSF and by D. N. 
Payne of the University of Southampton. 
Gauthier showed photographs of a compa- 
ny facility that is being used to apply up to 
28 twists of fiber per meter length. 

Temperature Variations 

Unlike the elliptical core, however, 
which exhibits a polarization stability rel- 
atively unaffected by ambient temperature 
variations, the stability of both the pre- 
stressed and spun-fiber techniques is 
affected by temperature. 

Polarization also is affected by magnet- 
ic fields, which means that a fiber optic 
gyro must be shielded against, or compen- 
sate for. magnetic fields. 

Still other effects that can adversely 
affect performance were cited by  MIT 
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Fiber Optic Gyro Interest Rises Rapidly 
Cambridge, Mass.—The large turnout of gyro manufacturers for the recent conference 
on fiber optic gyros is in sharp contrast to industry's relative indifferente to the laser 
gyro immediately following its invention by Sperry in the early 1960s (AW&ST Feb. 11, 
1963, p. 98). 

The fiber optic gyro first was demonstrated about five years ago by two University of 
Utah scientists. At the corresponding time after the Sperry laser gyro disclosure, only 
Honeywell had shown sufficient interest to enter the field, although Rockwell subse- 
quently did so. 

In the mid-1970s, when the laser gyro began to emerge as a favorite for many civil 
and military inertial navigation system applications, companies such as Litton Indus- 
tries and Singer Keartott launcnea crasn programs to eaten up, wmie others 
concluded it was too late for them to enter the field. 

This explains the large turnout of both U. S. and West European companies for the 
recent fiber optic gyro conference held by the Massachusetts Institute of Technology. 
U. S. companies included Honeywell, Lear Siegler, Litton Industries, Northrop, Rock- 
well, Raytheon, Singer Kearfott and Sperry. European companies in attendance 
included France's Sagem and Sfena, Wtsst Germany's Teldix and Bodenseewerke, as 
well as British Aerospace. 

professor Shaoul Ezekiel, who arranged 
the conference and served as co-chairman 
along with Arditty of Thomson-CSF. 

For example, unless the laser output is 
divided precisely in half, the beam rotat- 
ing in one direction will cause more heat- 
ing than in the reverse direction, resulting 
in the lack of what is called "reciprocity." 
Ezekiel cautioned: "Complete reciprocity 
is essential because the effect we must 
measure is so small." 

This internal  heating problem  is  not 

inconsequential, Ezekiel said, because of 
the very small diameter of the fiber core. 
For example, if the laser input is only 1 
milliwatt (0.001 w.), with a 3-micron-dia. 
core this corresponds to a power density of 
10 kw./sq. cm. 

An experimental phase-nulling optical 
gyro that measures only 2.5 in. in diame- 
ter and 0.65 in. thick was described by 
Eric Udd of McDonnell Douglas/Astro- 
nautics. The device was developed using 
company funds and was first tested late 
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coil only once and emerges at the 
opposite end. 

Using a continuous-wave laser, 
the output is chopped into a pulse 
whose length (time-duration) is 
less than a single transit time of 
light through the sensor coil. 

This pulse is split in half, with 
one segment being injected into 
the sensor coil to circulpte in a 
clockwise direction while the other 
circulates in the opposite direc- 
tion. 

Martin Marietta Developing Turret 
Turret for the mobile Oerlikon-Buhrte combination Air Defense Antitank System (ADATS), being 
developed by Martin Marietta/Orlando, is armed with eight laser beam-rider missiles that can be 
used against either aircraft or tanks. Antenna of the pulse-Doppler air-target acquisition radar is 
visible above. Four elect -o-optical windows visible below include (1) imaging infared sensor for 
night target acquisition ar.1 tracking, (2) television camera for daytime use, (3) laser range finder, 
and (4) laser for beam-rider guidance of missiles. The system is in early testing. 

last year. The device exhibits a drift rate 
of about 50-100 deg./hr., but McDonnell 
Douglas is under contract to USAFs 
Armament Laboratory Eglin AFB, Fia., 
to develop a fiber optic gyro with drift 
rates in »he 0.1-10 deg./hr. range. 

Additionally, the company recently won 
a contract from USAF's Avionics Labora- 
tory to develop technology and compo- 
nents that may ultimately permit a fiber 
optic gyro to exhibit drift rates of 0.01 
deg./hr. Udd believes it will be five years 
before such performance can be demon- 
strated in the laboratory. 

Unlike some other fiber optic gyro 
designs, the phase-nulling approach used 
by McDonnell Douglas provides a direct 
digital output, similar to a laser gyro. Its 
accuracy is independent of the number of 
turns in the fiber optic coil, although sen- 
sitivity does increase with the length of the 
fiber. 

Army-Sponsored Design 

Martin Marietta's J. M. Martin de- 
scribed a two-year-old design of a liber 
optic gyro, developed under Army spon- 
sorship, that used a single-mode fiber 
1,200 meters (3,936 ft.) in length in a coil 
that is 30 cm. (11.8 in.) in diameter. 

The device exhibited a drift rate of 
approximately 36 deg./hr. after warmup 
and a random noise cot responding to 0.06 
deg. F*r squarc-root-hour. Martin said. 

The Martin Marietta design approach, 
like that used by McDonnell Douglas, uses 
an opto-acoustic modulator to change 
slightly the frequency/wavelength of the 

light rotating in one direction from that in 
the opposite direction, providing a digital 
sensor output. 

A new approach to fiber optic gyro 
design, called a pulsed reentrant tvpe, was 
described r.y George Pavlath of Stanford 
University. 

In the new reentrant type, Pavlath said, 
"we close the optical loop upon itself and 
let the light circulate around many times, 
thereby increasing sensitivity." By com- 
parison, in more conventional designs the 
beam of light circulates through the sensor 

joined, the two contrarotating 
pulses continue to circulate. An 
optical amplifier must be inserted 
between the two joined ends to 
compensate for losses in the opti- 
cal fiber and rejuvenate the 
pulses. 

"With each transit through the 
endless loop, the Sagnac phase 
shift will increase." Pavlath said. 
"The Sagnac phase shift between 
pulses will vary linearly with time. 
When these pulses are sampled 
and combined, after suitable filter- 
ing, we obtain a sinesoidally mod- 
ulated pulse train. The rotation 
information is contained in its 
envelope. 

"If one filters some more so that 
only the envelope of the pulse train 

remains, the [slncsoidal] envelope fre- 
quency will be proportional to sensor rota- 
tion rate much like a ring-laser gyro," 
Pavlath said. This provides a convenient 
dig::,i! output. 

He said an experimental pulsed reen- 
trant fiber optic gyro has been constructed 
at Stanford University that "is extremely 
easy to adjust and to use." 

Honeywell's Joel G. Hanse described an 
experimental device, called dual-polariza- 
tion fiber gyro, in which the helium-neon 
laser beam is given a 45-deg. polarization. 

Cost Determined B-1B Avionics Choice »• 
Cos! was the deciding factor in the selection of Westinghouse Defense and Electronics 
Systems Center as supplier of the offensive radar system for the USAF/Rockwell 
International B-1B long-range combat aircraft 'AWIST Nov. 23, p. 29). 

From both a technical and managerial standpoint, the competing Westinghouse and 
Hughes proposals were "extiemely close," according to Gerald B. Gimness, manager 
of the LRCA avionics program at Boeing Military Airplane Co. Boeing could have 
worked with either supplier without problems. Gimness said. 

The present state of development of Westinghouse's AN/APG-66 radar, and the 
growth potential it offers through the addition of line replaceable units, were important 
factors in the selection, a USAF official said. The LRCA radar will differ considerably 
from the APG-66 version currently in use on the USAF/General Dynamics F-16. but 
this configuration is more economical and meets requirements tor the new bomber. 

An extensive development program is planned to add the LRCA requirements to the 
baseline configuration. New requirements include: 

a High-resolution ground-mapping, which will be achieved through Ooppler beam 
sharpening and synthetic aperture radar technology. 

e Ten ain-following and terrain-avoidance capability. 
■ Air-to-ground ranging. 
The offensive radar system includes the function of the muitirote radar and the radar 

terrain sensor. 
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This is the equivalent of injecting both 
horizontally and vertically polarized waves 
into both ends of the fiber sensing coil. 

Hanse said this provides an order of 
magnitude improvement in performance 
over more conventional homodyne-type 
optic gyro designs and a 2:1 improvement 
in scale factor, as well as minimizing the 
effects of temperature variations on the 
fiber sensor. 

An experimental dual-polarization de- 
vice bunt by Honeyweii, using a IJU- 
meter (492-ft.) long fiber, yielded a gyro 
with a long-term drift rate of al.out 50 
deg./hr., and with a short-term drift rate 
of as low as 1.6 deg./hr., Hanse saic. 

Fabrication Possibilities 

There is a wide range of opinion con- 
cerning the fabrication technique that will 
prove best for manufacturing fiber optic 
gyros when the technology reaches that 
state of maturity. 

Most of the current experimental 
•: „'vices are made with a variety of discrete 
optical components to facilitate testing 
and adjustment. 

For defense and aerospace applications, 
the device will need to be rugged and to be 
able to operate in both an adverse temper- 
ature and a shock/vibration environment. 
The characteristics of optical fibers them- 
selves are very susceptible to such environ- 
mental effects. 

Most of those working in the field 
believe that to achieve both ruggedness 
and low cost it will be necessary either to 
use integrated optics fabrication tech- 
niques, adapted from microelectronics 
technology, or to devise means that will 
enable a single piece of optical fiber to 
provide a variety of optical functions in 
addition to serving as the sensing coil. 

Stanford University, with partial spon- 
sorship by Arco, Inc., a petroleum-based 
conglomerate, is focusing on the develop- 
ment of an all fiber optic type sensor. 
Others, like Hughes Aircraft, are explor- 
ing integrated optics techniques. 

Waveguide Devices 

Hughes Research Laboratories' O. G. 
Rainer described several integrated optic 
waveguide devices the company has fabri- 
cated using photolithography under spon- 
sorship of the Jet Propulsion I aboratory 
and the Air Force, including a four-spot 
optical switch delivered earlier this year to 
USAF. 

"Sooner or later we must face the cru- 
cial question of how to mass-produce 
devices to tolerances treasured in microns, 
with alignments measured in angstroms," 
one scientist said following the recent con- 
ference. 

"This is fundamental to the future suc- 
cess of the device," he said 

The scientist added, "integrated optics 
has for some time been a clever idea 
looking for a challenging problem it could 
solve. With the fiber optic gyro. I think it 
finally has found the problem." D 
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Mtei? Cente^ 
Companies to develop new Mk. 15 identification friend/foe (IFF) system for 
triservice use and potential North Atlantic Treaty Organization applications 
are being sought by USAF's Aeronautical Systems Div. Present plan is to 
issue a draft request for proposal early next year. Expression of interest must 
be submitted by Dec. 19 to attention of Code ASD/AEKAC, Wright- 
Patterson AFB, Ohio 45433. 

Goodyear Aerospace has been selected to supply the digital scene-matching 
area correlator for terminal guidance of the Navy/USAF/General Dynamics 
Tomahawk cruise missile by McDonnell Douglas Astronautics Co., the 
guidance system contractor. Goodyear is to deliver the first three prototype 
area correlator systems by early 1983. The system will correlate imagery 
from a missile television camera with prestored data of landmarks in the 
target area. 

USAF's Electronic Systems Div. has reorganized into three major mission- 
oriented groups. Brig. Gen. M. H. Alexander is new deputy for strategic 
systems, which includes the Boeing E-4 airborne command post, missile and 
air surveillance radars. Maj. Gen. John T. Buck, new deputy for tactical 
systems, previously director of the Boeing E-3A AWACS program office, 
takes on additional programs such as Pave Mover airborne radar, secure 
communication systems and the Joint Tactical Information Distribution 
System (JTIDS). Col. D. J. Kutyna, named deputy for mission support 
services, will be responsible for the Cobra Judy shipboard ICBM reentry 
vehicle tracking radar, traffic control and landing systems, physical security 
systems and environmental surveillance systems. 

USAF is seeking prospective contractors for a program to upgrade the 
capabilities of its Ballistic Missile Early Warning System (BMEWS) facility 
at Thule, Greenland. The plan is to select multiple contractors for six-month 
design studies, followed by selection of one for implementation. Upgrad ng 
will include the surveillance and tracking radars, data processing and 
communication systems if funds permit. Expressions of interest are due this 
week to attention of Code ESD/PKY, Hanscom AFB, Mass. 01731. 

Computerized fly-by-light control system for helicopters will be designed, 
developed and demonstrated in flight by Boeing Vertal under a four-year 
contract for approximately $20.5 million awarded by the Army Aviation 
Research and Development Command's Applied Technology Laboratory, Ft. 
Eustis, Va. The system, to be developed under t,»e Advanced Digital Optical 
Control System Flight Demonstrator Program, will be installed on an Army 
UH-60A Black Hawk helicopter at Boeing's facility near Philadelphia. The 
system includes a multi-axis sidearm control stick that replaces conventional 
helicopter controls, an onooard digital computer that monitors pilot control 
inputs and positions helicopter rotor ac'uators in response to those inputs and 
an optical fiber network to link system elements. Army-Boeing Vertol flight 
tests are expected to begin in late 1984. 

USAF test facility for turbine engine fuel controls at Kelly AFB, Tex., will be 
modified by Hamilton Standard Div. of United Technologies Corp., incorpo- 
rating changes expected to cut energy use by 66'r and save almost 52 million 
annually. Hamilton Standard is modifying 49 fuel control test stands that 
test the fuel control on Pratt & Whitney F100 engines that power 
USAF/McDonnell Douglas F-I5s and General Dynamics/Ft. Worth F-I6s. 
Coupling stands in groups of three, together with use of a refined computer 
program, is expected to effect economies in quantities of fuel used for 
testing. The stands have used 65.700 megawatts of power a year, a figure the 
new system is expected to reduce to 21,852 megawatts. The project will be 
performed by Hamilton Standard and Pratt & Whitney's Government 
Products Div. 
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